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Summary 
This thesis focuses on the applications of capacitively coupled contactless conductivity 
detection (C4D) in capillary electrophoresis (CE) hybridized with high-performance liquid 
chromatography (HPLC), i.e. in capillary electrochromatography and pressure-assisted 
capillary electrophoresis, as well as on the development and applications of an extension of 
CE-C4D with sequential injection analysis (SIA).  
 
At first, the in-house built C4D was used for electro-chromatographic determinations of 
different classes of non-UV absorbing cations using monolithic octadecylsilica capillaries. 
Combined mechanisms of differential interactions and electrophoresis were employed by the 
application of a high-voltage through a monolithic octadecylsilica structure in order to achieve 
high separation efficiencies, which otherwise are difficult to obtain with either CE or HPLC 
alone. CEC conditions were optimized for both home-made and commercial monolithic 
columns of short lengths of 15 cm for baseline separations of inorganic cations, amines and 
amino acids. Detection limits were found to be comparable with those obtained from CE with 
conductivity detection.  
 
C4D was then utilized for sensitive detection in pressure-assisted capillary electrophoresis 
with separation columns as slender as 10 µm. The use of such narrow capillaries is required to 
minimize peak broadening effects caused by the hydrodynamic flow created when a pressure 
is applied during electrophoresis. UV-radiation detection is impossible in this case due to very 
limited optical pathlengths offered by capillaries of 10 µm internal diameter. The introduction 
of a hydrodynamic flow at a specific time during electrophoresis can be employed to achieve 
high separation efficiencies or short analysis time for improved sample throughput, or to 
compensate for the electro-osmotic flow (EOF) for electrophoretic separation of anions at 
high pH without addition of an EOF modifier. The application of pressure also allows 
converting a monotonous electrophoretic run into a separation scheme with flow gradient akin 
to HPLC with gradient elution. C4D was applied for detection of both cations and anions in 
this hybrid mode of CE. 
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For monitoring applications, an automated system was designed and constructed based on an 
extension of conventional CE-C4D with a sequential injection analysis (SIA) manifold via an 
interface. The SI manifold relies on a two-way motor-driven microsyringe pump and a 
multiport valve with a holding coil in between. The developed system allows automated 
sampling, separation, detection and data acquisition. Both cations and anions can be analyzed 
successively by automatic switching of the high-voltage polarity. The system was applied 
successfully to monitor the variations of concentrations of major ions in a lake in Switzerland 
during a rainy period. Crosschecking with discrete samples analysed with ion-
chromatography gives acceptable deviation, which proves that the system is suitable for 
unattended long-term monitoring tasks. 
 
To overcome the inherent problem of sensitivity limitation in CE due to small injection 
volumes, a new configuration of SIA-CE-C4D was designed and developed in order to 
implement an on-line solid-phase-extraction (SPE) preconcentration procedure prior to 
automated CE separation. The system was designed as an industrial prototype, with all fluidic 
and electronic parts, as well as all power supplies assembled into a standardized 19” frame for 
easy transportation and mobile deployment. Some drug residues in water, including 
ibuprofen, diclofenac, bezafibrate and naproxen, were selected as exemplary analytes to 
demonstrate the functionality of the system. With preconcentration prior to CE-C4D 
determination, enrichment factors of several hundreds can be obtained and the concentrations 
of drug residues in water can be monitored down to the nM scale, which is impossible with 
normal CE setups. 
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1. Introduction 
1.1. Capillary electrophoresis (CE) and capillary electro-chromatography (CEC) 
1.1.1. A brief history of the development of CE  
Electrophoresis is defined as the differential migration of charged species by attraction or 
repulsion under the influence of an externally applied electric field. The term 
“electrophoresis” was initiated by Michaelis in 1909 during his work for the separation of 
proteins based on their isoelectric points [1]. The groundwork of electrophoresis, however, 
was laid by Tiselius in 1937 [2-4]. His pioneering employment of “moving boundary 
electrophoresis” under a gradient of applied voltage for successful separation of complex 
protein mixtures triggered the first recognition of the potential use of electrophoretic analysis. 
For this work, Tiselius was awarded the Nobel Prize in chemistry in 1948. This initial 
approach to electrophoresis, nevertheless, encountered a unsatisfactory separation efficiency 
due to band broadening caused by thermal diffusion and convection. Many following efforts, 
hence, leaned toward the improvement of anti-convective support media for zone 
electrophoresis, starting from the application of paper as non-gel media, to the employment of 
starch, agarose gels, cellulose acetate or polyacrylamide gel as stabilizers [5]. The term “zone 
electrophoresis” was indeed originated by Smithies in 1955 for the electrophoretic separation 
of serum proteins in a starch gel medium [6]. The application of electrophoresis with 
polyacrylamide gel as stabilizer, i.e. polyacrylamide gel electrophoresis (PAGE) and sodium 
dodecyl sulphate (SDS)-PAGE, which is best suited for protein characterization and 
determination of oligonucleotides and protein monomer, is still very popular in biochemistry 
laboratories nowadays. 
 
The use of the above-mentioned anti-convective support media in electrophoresis, however, 
poses different drawbacks, such as long analysis time, poor reproducibility, limitation to low 
electric fields (only 15 – 40 V/cm) due to poor dissipation of Joule heat in slab systems, 
cumbersome methodology hindering detection and automation. These limitations, together 
with increasing demands for high resolution, quantitative precision of the analysis of bio-
pharmaceuticals, and control of waste management costs led to the appearance of capillary 
electrophoresis (CE) on the analytical scene. CE, defined as electrophoretic separations 
performed in narrow-bore tubes or capillaries, was for the first time carried out by Hjertén in 
1967 [7]. Much of his work was carried out with a fully automated apparatus that he 
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constructed in 1959 which allows the rotation of a millimetre-bore quartz-glass capillary 
coated with methylcellulose along its longitudinal axis to minimize the adverse effects of 
convection. As early as 1974, Virtanen set a further step in CE with the use of a glass 
capillary of smaller channel  (0.2 mm) to minimize convection problems and to simplify 
instrumentation [8]. In the late 1970s, Mikkers and coworkers performed another CE work 
using Teflon capillaries of 200 µm internal diameter [9]. Another milestone in CE was set in 
the early 1980s by Jorgenson and Lukacs with the pioneering employment of 75 µm inner 
diameter fused silica capillaries to separate charged compounds and amino acids with on-
column fluorescent detection [10-12]. Reduction of zone spreading caused by convection and 
efficient dissipation of the heat generated by the application of high voltages were observed 
with the introduction of these narrow separation channels. In modern CE, even narrower 
capillaries of typically 25 – 50 µm internal diameters are employed. Over the past decades 
after the first attempt with CE, with the widespread availability of high-quality fused silica 
capillary tubing, and especially with the introduction of the first commercially available 
instruments in 1988, the horizons of CE have expanded. The recent trend in CE to which 
much research has been devoted is miniaturization and automation, whereby injection, 
separation and detection are carried out on microchannels embedded on planar devices (Lab-
on-Chip concept) or automated via incorporation with micro-syringe driven sequential 
injection analysis (Lab-on-Valve concept). Nowadays, as acknowledged in dozens of 
monographs, thousands of publications and reviews reflecting its exponential growth, CE 
proves to be a very powerful separation technique, whose application spectrum covers a 
variety of disciplines, ranging from bioanalytical, pharmaceutical, clinical to environmental 
separations.  
 
1.1.2. Basic principles and concepts of CE 
1.1.2.1. Basic principle and setup of CE 
CE, or electrophoresis in the capillary version, is the separation of charged species in a 
narrow-bore capillary under an externally applied electrical field. Capillary electrophoresis 
relies on the principle that ions in a medium, possessing different electrical charges and 
masses, when exposed to an electrical field will move in different directions and at different 
speeds within the substrate. The high surface-to-volume ratio of capillaries allows for very 
efficient dissipation of Joule heat generated from high applied electrical fields. The 
employment of capillaries offers rapid analysis times associated with the application of high 
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voltages (typically up to 30 kV), and little consumption of sample (µL range) and buffer 
reagent (mL range), which in turn makes CE the solution for a diverse number of analytical 
problems. 
 
 
 
 
 
 
 
 
 
Figure 1: General schematic of a CE instrument 
 
A typical capillary electrophoresis setup, as illustrated in figure 1, consists of a high-voltage 
power supply of maximum 30 kV with dual polarities, a polyimide-coated fused silica 
capillary of internal diameter from 25 µm to 100 µm, two buffer reservoirs that can 
accommodate both the capillary and the electrodes, a detector and data acquisition system. 
Bare fused silica capillaries are most commonly used in CE. The two ends of the capillary are 
dipped into two different vials equally filled with an electrolyte buffer solution, in which two 
electrodes, usually made from platinum and connected to a high voltage supply, are placed. 
To introduce a small quantity of the sample into the column, one buffer vial at the inlet of the 
capillary is shortly replaced with the sample vial prior to application of either an electric field 
(electrokinetic injection) or pressure (hydrodynamic injection) for a specific period (typically 
in seconds). The source vial containing the buffer is then switched back to the original 
position before turn-on of the high voltage, which enables the ions to migrate towards the 
detector where they are visualized. A detector can be positioned either on-column or off-
column at the outlet of the capillary for detection of charged species. The output signal is then 
collected, processed and stored by a data acquisition/analysis system. With the assistance of 
the commercially available apparatus, this basic setup can be upgraded with more advanced 
Separation capillary 
15 - 30 kV 
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features, for example incorporation of autosamplers, multi-detectors, multi-injection devices, 
temperature conditioner etc. 
 
1.1.2.2. Electrophoretic mobility 
Separations of charged species by CE are based on differences in their velocity under an 
electric field. The velocity of an ion is described in the following equation: 
! 
v = µ
e
" E    (1) 
where  ν  is the ion velocity (cm•s-1). 
µe is the electrophoretic mobility (cm2•s-1•V-1), and is constant and specific for 
a given ion in a given medium. 
E is the electric field strength (V•cm-1), which is a function of the applied 
voltage and capillary length. 
At a steady state during electrophoresis, a molecule with charge q experiences two forces, i.e. 
electric force and frictional force, which are opposite in directions and balance each other. 
The electric force is a function of q and E, as described as follow: 
   
! 
Fe = q " E    (2) 
The frictional force, or the force induced from viscosity during the movement of an ion in the 
buffer medium, can be expressed by Stokes’ Law for a spherical ion: 
   
! 
Ff = 6 "# "$ " r " v   (3) 
where  q is the charge of ion 
  η is the viscosity of the solution 
  r is ion radius 
  ν is ion velocity 
At a steady state, we have: 
   
! 
Fe = Ff    (4) 
or   
! 
q " E = 6 "# "$ " r " v  (5) 
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By substituting (1) in (5), the mobility of an ion can be expressed as follow: 
   
! 
µe =
q
6 "# "$ " r
  (6) 
From equation (6), it can be deduced that small, highly charged species have high 
electrophoretic mobilities, and vice versa for species with larger sizes and lower charge 
numbers. The apparent mobility of a charged species, however, also depends on other factors, 
i.e. ambient temperature and electroosmotic flow (EOF) (details on EOF can be found in 
section 1.1.5). 
 
1.1.2.3. Sample Injection in CE 
In CE, the batch-type sample injection, as illustrated in figure 2, is classified as hydrodynamic 
and electrokinetic modes, the former of which is the most widely used method. 
Hydrodynamic injection can be accomplished either by siphoning action achieved by 
elevating one capillary end immersed in the sample vial relative to the outlet vial, as always 
done in manual operation, or by application of pressure at the injection end of the capillary or 
vacuum at the exit end of the capillary. Conventional instruments rely on the complex 
application of gas pressure to affect hydrodynamic injection. As studied by Huang et al. [13], 
the sample plug length should account for less than 2 % of the total length of the capillary, 
corresponding to only some nanoliters of samples, in order to maintain high separation 
efficiency. With hydrodynamic injection, the quantity of sample loaded is quasi-independent 
of the sample matrix. 
 
Electrokinetic injection, on the other hand, is implemented by replacement of the injection-
end reservoir with the sample vial and then application of high voltage, whose electric field 
strength is 3 to 5 times lower than that used for separation. In this electromigration injection 
mode, analytes enter the capillary by both electrophoretic migration and by the dragging 
action of the electroosmotic flow (EOF). However, sampling bias and ionic discrimination, 
which in turn lead to poorer injection reproducibility compared to the hydrodynamic 
counterpart, are often encountered due to strong dependence of sample loading on the 
electroosmotic flow, matrix composition and mobility of individual solutes. This injection 
method, nevertheless, is still advantageous when viscous media or gels are employed in the 
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capillary, stacking effect is to be employed for sensitive detection, or when hydrodynamic 
injection is ineffective.  
 (a)      (b) 
 
   (c)      (d) 
Figure 2:  Typical injection methods in CE 
(a), (b), (c): Hydrodynamic injection  
(d): Electrokinetic injection  
 
In any of these above-mentioned injection modes, the capillary is physically transferred from 
the electrolyte vial into the sample vial and back. These batch-type injection modes, which are 
now still in use in commercial CE instruments cannot be easily coupled to other on-line 
sample treatment systems, so sample preparation typically has to be done off-line. The first 
attempt to automate repeated sample injection in CE was reported by Deml et al. in 1985 [14], 
relying on sample splitting techniques used in HPLC. As early as 1993, Liu and Dasgupta 
[15] performed for the first time injections from a flowing sample stream into a CE system 
using an electroosmotically pumped capillary flow technique. In 1995, Kaljurand and co-
workers [16] described a pneumatic sampling device that could be used for repetitive 
injections in CE. In 1997, for the first time, the flow-based injection techniques for CE via 
special interfaces were introduced independently by Kubáň et al. [17] and by Fang et al. [18]. 
In this technique, for the sample to be injected in to the capillary, during the time the flow of 
sample is delivered passing through an interface in which the CE capillary is positioned, 
 -10- 
pressurization of the interface is applied with the aid of a peristaltic or a motor-driven syringe 
pump. Since then, this interface-based injection technique has been widely applied in coupled 
systems of flow injection (FI) / sequential injection (SI) – CE. 
 
1.1.2.4. The family of CE modes 
Originated and developed from a combination of eletrophoretic and chromatographic 
techniques, capillary electrophoresis is collectively constituted of different specialized modes, 
among which the most frequently exploited are capillary zone electrophoresis (CZE) (often 
referred to as free solution CE, or FSCE), micellar electrokinetic capillary chromatography 
(MEKC), capillary gel electrophoresis (CGE), capillary isoelectric focussing (CIEF) and 
capillary isotachophoresis (CITP).  
 
CZE, which is the simplest and the most universal of the techniques, relies on solute 
migration in discrete zones and at different mobilities, governed by the electroosmotic flow, 
for separation. It is performed in a homogeneous background electrolyte. While cations are 
accelerated by EOF on the migration toward the cathode, anions, on the contrary, though 
electrophoretically migrating towards the anode, are swept towards the anode by the bulk 
flow of electroosmosis. For separation of anions, thus, EOF reversal methods are normally 
employed to facilitate the migrations of anions toward the detector. In this mode, neutral 
solutes are co-migrated with EOF and thus are not separated electrophoretically. This renders 
CZE a method inapplicable for neutral species. 
 
MEKC, a hybrid of CZE and chromatography, is the only technique of electrophoresis that 
allows concurrent separations of both neutral and charged analytes. This method is based on 
differential partitioning between micelles (pseudo stationary phase) and running buffer 
(mobile phase). Separation of neutral species is implemented with the addition of a surfactant 
(normally sodium dodecyl sulphate SDC) to form charged micelles with the neutral solutes. 
The different migrations of analytes are due to variations of interaction with the micelles. This 
method is commonly employed for separation of peptides and proteins. 
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CGE is an advanced technique of size-exclusion separation that relies on differences in solute 
size as analytes migrate through the pores of the gel-filled column. This technique is a 
modified generation of traditional gel electrophoresis. The critical point of this method is the 
inclusion of a suitable gel to serve as a molecular sieving medium. With this method, 
compounds of similar charge-to-mass ratios can be separated. Weight analysis of proteins and 
sizing of DNA fragments are often carried out using this mode of CE. 
 
In CIEF, separation is accomplished based on the isoeclectric points (pH values) of the 
substances to be determined. In this mode, the capillary is filled with buffers containing 
different ampholytes to create a pH gradient. Upon the application of an external electric field, 
charged proteins migrate through the pH-gradient medium until they reside at a specific pH 
region where they become uncharged and thus stop migrating. This will create different 
steady zones along the capillary. After this focusing step, the zones can be mobilized from the 
capillary with a pressure-induced flow for subsequent detection. This method is commonly 
utilized for separation of proteins and peptides, and for determination of pI of unknown 
proteins. 
 
CITP is performed by confining sample components between leading and terminating 
electrolytes in a discontinuous buffer system and under an electric field in the constant current 
mode. The ions in the leading and terminating electrolytes are selected in such a way that their 
mobilities are higher than that of the fastest migrating ion and slower than that of the lowest 
migrating ion in the sample, respectively. At the application of a high voltage, a steady-state 
migrating configuration, in which analytes arrange themselves according to their mobilities in 
the sandwich zone between the leading and terminating ions, and migrate at the same speed 
towards the detector, is formed. This method, commonly used as a sample pre-concentration 
or sample purification step, is, however, not suitable for analysis of unknown samples. 
 
1.1.3. Some landmarks in the development of CEC 
CEC, or electro-chromatography in the capillary version, is a variant of HPLC in which the 
flow of mobile phase is driven through the micro column by an electric field with electro-
osmotic flow (EOF) rather than by applied pressure. In 1939, Strain for the first time reported 
the use of EOF in chromatography to separate dyes in an alumina column [19]. The term 
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“electro-chromatography”, however, was introduced by Berraz in 1943 [20]. Early work in 
electrical chromatography was then carried out by Strain and his co-worker in 1951, either in 
relatively large diameter columns (0.1 mm) or in thin layers for the analysis of neutral, basic 
and acidic molecules by electro-migration [21]. Nevertheless, after that, the use of electro-
osmosis as a pumping mechanism for analytical separations remained undeveloped until the 
contribution of Pretorius et al. in driving solvent through a glass chromatographic column 
packed with microparticulate silica in the mid 70’s [22]. This group is considered the 
originator of CEC. Significant progress in CEC began in the 1980s. In 1981, Jorgenson and 
Lukacs [10] demonstrated the very first attempt to utilize electro-osmosis in capillaries as an 
alternative to pressure-driven flows to obtain reduced theoretical plate heights. Tsuda then 
showed that CEC was possible in coated open tubular columns and recognized the factors that 
control the EOF as well as the importance of practical effects, such as bubble formation, in 
packed columns [23]. The peak of the resurgence of CEC dates in 1987 with the detailed 
theoretical analysis done by Knox and Grant [24], followed by practical demonstrations based 
on slurry-packed and draw-packed capillaries by the same group in 1991 [25]. The next 
landmark came in 1994 with the recognition of the potential of CEC in the analysis of 
mixtures relevant to the pharmaceutical industry, using a reversed-phase C18 column [26]. 
Since 1996, the popularity of CEC has been on the increase, as reflected in the number of 
publications and reviews [27-35] relating to CEC, reporting a wide range of applications in 
environmental, chiral, industrial, pharmaceutical and biological separations. 
 
1.1.4. Basic principles and advantageous features of CEC 
1.1.4.1. Basic principles of CEC 
CEC, as a hybrid technique, combines some of the features of CE and of HPLC. In CEC, both 
separation mechanisms occur concurrently: the separation process is based on differential 
interactions between the stationary and mobile phases, whilst the electroosmotic flow, rather 
than a pressure-driven hydrodynamic flow, transports the mobile phase through the capillary. 
In other words, transport of the analyte is due to both electro-osmotic and electrokinetic 
mobility, under the effect of a flat flow profile induced from EOF. CEC differs crucially from 
CE in that the separation principle is chromatographic partitioning between the liquid and 
solid phases. 
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1.1.4.2. Column technologies for CEC 
In the first years of its development, CEC was mostly carried out in capillaries (50-100 µm 
internal diameter) filled with silica packing material as used in chromatographic columns [30, 
32]. Silica particles with a variety of surface modifications, enabling CEC separations based 
on different mechanisms, i.e. hydrophilic or hydrophobic interaction, ion-exchange and 
affinity, were readily available. The silica matrix of such particles usually carries enough 
surface charge to enable the generation of a substantial EOF. The success of packed 
capillaries for CEC can be attributed to the increased loading capacity of highly characterized 
and commercially available packing materials. However, the preparation of such types of 
columns requires considerable expertise due to many practical difficulties encountered. 
Moreover, fabrication of robust frits and stable column packing has been fraught with 
constructional problems [31, 32]. Open-tubular electrochromatography (OT-CEC), in which 
the stationary phase is coated on the inner wall of the capillary, on the other hand, overcomes 
these drawbacks. In this mode, due to the slow rate of solute diffusion in the liquid phase, 
internal column diameters equal to or smaller than 25 µm are typically employed to promote 
interaction with the immobilized ligands. Separation efficiency with OT-CEC is better 
compared with that from a packed column, mainly because the eddy diffusion contribution is 
minimized. However, due to the drawback of having only a single layer of stationary phase, 
the capacity of OT-CEC is low, which adversely affects detection. And compared to packed-
column CEC, the loadability of OT-CEC is very poor, and lower retention factors are often 
encountered. This method has therefore seen limited use, and the interest in OT-CEC appears 
to be dwindling [31, 33]. The third trend, to which much research is devoted, is the 
development of monolith technology for the preparation of CEC columns. As the continuous 
skeleton is anchored to the capillary wall, retaining frits are not needed. The high porosity of 
the monolith affords high chromatographic efficiency and allows a higher sample loading. 
The surface of the monolithic stationary phase can be modified to create tailored sites for 
interaction and desired charged moieties for the generation of electroosmotic flow. This 
technique thus overcomes the disadvantages of packed-column CEC and OT-CEC. As a 
result, much attention has been focused on the in situ preparation of different types of 
monolithic columns [36-38]. 
 
A monolithic stationary phase is the continuous unitary porous structure prepared by in situ 
polymerization or consolidation inside the column tubing, and if necessary, the surface is 
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functionalized to convert it into a sorbent with the desired chromatographic binding properties 
[39]. With many advantages over packed-column CEC and OT-CEC, monolith technology 
has triggered interest from the scientific community in the last ten years and great progress 
has been made, which allows at the same time the control of the surface chemistries for 
interaction and generation of the EOF, and the control over the porous properties [37, 40].  
Monolithic stationary phases can be subdivided into two main categories, i.e., silica- [41, 42] 
and polymer-based materials [43, 44], which are prepared by polymerization of alkoxysilane 
precursors or polymerization of organic monomers, respectively. Despite a wide variety of 
precursors, which allow a nearly unlimited choice of both matrix and surface chemistries in 
the fabrication of organic polymer-based monoliths, and the ease with which these polymers 
can be confined in capillaries, the resulting monolithic columns undergo shrinking and 
swelling in organic solvents, which as a result leads to a lack of stability. Moreover, the 
polymeric monolithic structure may contain domains of micropores (< 2 nm) whose size 
hinders the motion of analytes in and out of the pore [45]. This is a reason for deteriorated 
efficiency and peak symmetry of the column. On the other hand, although the silica-based 
monoliths may be more tedious to fabricate, the micropores can be very conveniently 
converted into mesoporous network in the skeleton in a subsequent pore tailoring step [46]. 
Moreover, the presence of surface silanols provides the reactive sites for attaching a wide 
variety of surface ligands to achieve different stationary phases and EOF characteristics. For 
different separation mechanisms, i.e. reversed phase, normal phase, ion exchange and chiral 
separation, different corresponding preparation procedures have been reported for the surface 
modification of the monolithic structure ([40] and references reported therein).  
 
1.1.4.3. Advanced features of CEC over HPLC and CE 
By avoiding the use of pressure, CEC exhibits many strong points over conventional HPLC. 
First of all, much less instrumental complexity can be achieved with CEC, as high voltage 
power supplies are much simpler, and less expensive than high-pressure pumps. Secondly, the 
electrically driven flow, in contrast to pressure-induced hydrodynamic flow in HPLC, is not 
vulnerable to band broadening associated with pressure-driven parabolic-flow profiles, and is 
independent of particle diameter and column length so that smaller particles and longer 
columns can be used, which contribute to considerably higher efficiencies in CEC. And since 
CEC is normally carried out in narrow-channelled columns, it is viewed as a miniaturized 
separation technique (like CE), which then translates to low solvent and sample consumption, 
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high separation efficiency and low operational costs. Combined features of chromatographic 
interactions and electrophoresis in CEC may be employed to achieve selective separations 
concurrently for both charged and neutral compounds, which otherwise are difficult to obtain 
with either CE or HPLC alone.  
 
1.1.5. Electroosmotic flow (EOF) 
Electroosmosis is best described as the movement of liquid relative to a stationary charged 
surface under an applied electric field. EOF is generated at the solid-liquid interface of the 
support material (in CEC) or the internal wall of the capillary (in CE), which in most cases is 
silica. In a fused silica capillary, as illustrated in figure 3, the ionization of silanol groups 
gives rise to a negatively charged surface (SiO-), which affects the distribution of nearby ions 
in solution. An excess of ions of positive charge (counter-ions) are attracted to the surface to 
maintain the charge balance, forming an electrical double layer whilst ions of like charge (co-
ions) are repelled. Essentially the counterions are arranged in two regions, including the fixed 
layer at the surface (Stern layer) and the diffused layer that extends into the bulk of the 
solution (Gouy-Chapman layer) [47, 48]. Under the influence of an electric field, the solvated 
cationic species are electrically driven towards the negative electrode. These solvated cationic 
species drag solvent molecules along as they migrate toward the cathode, generating 
electroosmotic flow. This bulk movement of liquid sweeps all analytes irrespective of charge 
in one direction, normally towards the detection end of the capillary. As a consequence, in 
certain situations where electrophoretic mobilities of anions are smaller than the magnitude of 
EOF, positively and negatively charged species may be simultaneously determined in one 
single run, which otherwise is impossible in the absence of EOF. Neutral species co-migrate 
with EOF, thus are undetectable in the normal CE mode. 
 
Figure 3. Interior surface of a fused silica capillary filled with electrolytes 
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The EOF through a channel has a characteristic flat elution profile, in contract to the parabolic 
profile typical for pressure-driven systems, as shown in figure 4. The advantage of this plug-
like pumping mechanism is that all solutes experience the same delivering velocity induced 
by EOF regardless of their cross-sectional position inside the capillary. Analytes thus elute as 
narrow bands, giving sharp peaks of high efficiency.  
The linear mean velocity and mobility of the EOF (νEOF and µEOF) in open tubes (for CE) are 
expressed according to Smoluchowski’s equations: 
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where εo is the permittivity of the vacuum; ε is the dielectric constant of the solution; η is the 
viscosity of the bulk solution; E is the applied field strength and ζ is the zeta potential of the 
wall, which is defined as the voltage drop between the Stern layer and the shear layer caused 
by an electrical imbalance across the layers. The zeta potential depends on the thickness of the 
electrical double layer and the charge density of the diffuse layer. In the diffuse layer, this 
potential falls exponentially to zero. All factors affecting EOF, i.e. the solution viscosity, 
dielectric constant and zeta potential, are variables that can be modified by changing 
corresponding experimental parameters such as electrolyte concentration, ionic strength, pH, 
temperature, surface characteristics, and cosolvents used. The concentration of the electrolyte 
in the mobile phase affects the EOF by varying the thickness (δ) of the electrical double layer, 
which in turns affects ζ. A decrease in the concentration of the electrolyte leads to an increase 
in the resulting EOF. The pH of the mobile phase affects the degree of ionization of the 
surface silanol groups, hence influencing the EOF. As the pH of the mobile phase is elevated, 
the EOF increases. When pH value of the background solution inside the capillary is higher 
than 4, EOF becomes significantly strong, and in some cases can drag the solute out of the 
capillary before the separation is completed. 
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(a) 
 
      (b) 
Figure 4. The flow profiles in CE (a) and in HPLC (b) 
 
In CEC, the capillary wall, internal porous material and/or the column packing may carry 
surface charges that are capable of supporting EOF. In packed columns, EOF mobility in the 
interstices can be expressed in a way similar to equation (8), with the zeta potential of the wall 
ζ replaced by the zeta potential at the surface of the packing ζs (with the assumptions that the 
particles have uniform zeta potential and a double layer thin compared to the radius of the 
pores). And since the EOF in CEC is independent of the channel diameter, EOF velocities 
through the small intraparticle pores and the larger interstitial channels are quasi equal for 
similar path lengths. This feature of CEC where the EOF velocity is independent of the 
channel diameter plays an instrumental role in attaining high plate efficiencies. Compared to a 
pressure-driven flow, the EOF is more homogeneous and less influenced by differences of the 
packing or porous material. However, the EOF velocity in a CEC column is most likely to be 
reduced compared to that in an open tube, on account of the tortuousity and porosity of the 
packed bed.  
 
1.2. Detection in CE and CEC 
In modern CE and CEC, polyimide coated capillaries of 10 µm to 100 µm are typically used. 
With these narrow channels, detection volumes are very small, typically in nanoliter ranges. 
Most of CE detection modes, either destructive (e.g. mass spectrometry) or non-destructive 
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(e.g. optical), positioned on-column, end-column or post-column, so far have been adapted 
from HPLC, of which the most commonly employed will be described. 
 
1.2.1. Optical detection 
Detection schemes with optical radiation are quite easy to implement and by far are the most 
often used methods for detection with CE and CEC. This technique allows on-column 
detection with UV-transparent fused silica capillaries. Nowadays, absorbance and 
fluorescence detectors are conveniently incorporated in commercial state-of-the-art CE 
instruments.  
 
1.2.1.1. UV/Vis 
The UV/Vis absorbance detection is a non-destructive and on-column detection technique and 
is most commonly used in CE/CEC, partially due to its availability from HPLC. This detector 
is only responsive to UV-absorbing molecules at the wavelength of the light source. For non-
UV-absorbing species, such as inorganic ions, amino acids etc., detection is performed in the 
indirect mode where a chromophore, i.e. an ionic UV absorbent, is added into the background 
electrolyte. The presence of chromophore(s), however, yields lower sensitivity and poorer 
linearity. The employment of UV/Vis detection requires removal of a small section of the 
polyimide coating of the capillary for an optical window, which in turn renders the capillary 
fragile and vulnerable to breakage. The sensitivity of this method is dependent on the optical 
pathlength defined by the internal diameter of the capillary. For this reason, capillaries of 
inner diameters less than 50 µm are not preferable for UV/Vis-radiation detection. 
 
1.2.1.2. Fluorescence 
Fluorescent detection is implemented for recognition of fluorescent molecules which absorb 
excitation light at one wavelength and then re-emit it instantaneously at a longer wavelength. 
Fluorescence detection is by far the most sensitive detection, with detection limits normally 
one to three orders of magnitude lower than those obtained with UV/Vis absorbance method, 
mainly due to the high intensity of the incident light and the ability to accurately focus light 
onto a very narrow channel of a capillary. The drawbacks of this method, however, are 
expensiveness, restriction of laser excitation wavelengths, and possible photo-degradation of 
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the analytes caused by the high light intensity. This detector is poorly versatile as many 
solutes of interest do not exhibit native fluorescent characteristics. Fluorescent detection for 
the non-native-fluorescent compounds can be carried out alternatively either by incorporation 
of a fluorophore into the background buffer (indirect detection method) or by fluorescent 
tagging of the analyte via pre-derivatisation prior to detection. 
 
1.2.2. Mass Spectrometry (MS) 
Mass spectrometric detection is a destructive, end-column and highly sensitive detection 
method. It is a more universal detector than UV-Vis, laser induced fluorescence (LIF) or 
electrochemical detectors. Additional information of the structures of the analytes is also 
provided when using MS. MS thus has become a key tool for the characterization of 
biologically relevant molecules, especially peptides and proteins [49-52]. This detection 
technique, however, is expensive and complicated in configuration, and poses physical 
problem of interfacing when coupling with capillary electrophoresis: The outlet electrode in 
the CE setup must be employed as the interface to MS, which is difficult to realize and is 
based on some specific interfacing techniques, so-called sheath-flow interface, sheathless 
interface and liquid-junction interface. Among all coupling modes of MS with CE, 
electrospray ionization (ESI) is the most frequently applied coupling technique for 
bioanalysis. This method, nevertheless, requires a specific arrangement where the ESI needle 
is grounded and the ESI voltage is applied on the MS inlet to circumvent any problems with 
respect to CE-current-ESI interaction (currents in CE are typically three orders of magnitudes 
higher than those found in the electrospray).  The coupling of CE with MS detection has been 
explored for quite a number of applications in forensics, environmental analysis, bioanalysis, 
pharmaceutical analysis and the study of metabolites; see for example [53-59]. 
 
1.2.3. Electrochemical detection 
1.2.3.1. Potentiometric detection 
Potentiometric detection is the most simple and straightforward mode of electroanalytical 
detection, which relies on a working and a reference electrode in contact with analyte ion(s), 
and does not require an application of external voltage as in other methods. The signal arises 
due to a potential drop formed at the working electrode. The working electrode, typically 
made from a crystalline-, liquid- or glass- membrane, specific and permeable only to the ion 
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of interest, is accordingly termed ion-selective electrode (ISE). Indeed, miniaturized versions 
of liquid membrane ion-selective electrodes, which are routinely applied in physiological 
studies, have been initially employed for this mode of detection in CE. As potentiometric 
electrodes are responsive only to ions of specific charge number and sign, this detection 
method is the most selective of all electrochemical detection methods. The Nernst’s equation 
is applied to calculate the potential change between the two electrodes. Principles and 
applications of potentiometric detection in CE can be found, for instance, in [60-65]. 
 
1.2.3.2. Amperometric detection 
In amperometry, the redox current induced from oxidation or reduction of ions of interest is 
measured. Three different electrodes are required, namely a working electrode, a reference 
electrode and an auxiliary (or counter) electrode. A special electronic circuitry, termed 
potentiostat, is required for this triple electrode setup. Amperometric detection is based on the 
application of a fixed potential across a supporting electrolyte between the working and 
reference electrodes to let electroactive compounds gain (reduction) or lose (oxidation) 
electrons from/to the electrode. The current resulting from the electron transfer is measured 
between the working and auxiliary electrodes, and is directly correlated with analyte 
concentration. This method, however, is only applicable to oxidisable or reducible species, 
notably catecholamines, phenols and aromatic amines. Recent reviews on amperometric 
detection in CE can be seen in [66-70]. 
 
1.2.3.3. Conductivity detection 
Of all types of electrochemical detection, conductivity detection is the most universal, which 
responds to all charged species. A baseline signal (and noise) is thus always present at the 
detector as ions are always abundant in the background electrolyte. Unlike potentiometric and 
amperometric detection, this bulk detector does not rely on electrochemical reactions on the 
surface of the electrode, but measures the conductance of the solution between the two 
electrodes. A conductivity detector is based on two inert, typically platinum, electrodes across 
which a high frequency AC potential is applied. The use of AC instead of DC voltage avoids 
current limitation and electrolysis reactions on the surfaces of the electrodes. At the electrode 
surfaces, a double layer is established, in which charges in the electrode are balanced by ions 
of opposite sign in the adherent solution. Such double layers behave like electronic capacitors, 
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which are transparent to AC currents and voltages. From the correlation between conductivity 
and current described in the Ohm’s law, the difference in conductance between the analyte 
and the background co-ion(s) results in a current signal that will be measured. Conductivity 
detection may be implemented in contact or contactless mode, where detection is performed 
with or without galvanic contact of electrodes and the electrolyte solution, respectively. There 
is no fundamental difference between conventional contact conductivity and (capacitively 
coupled) contactless conductivity detections, as a double layer originating from coulombic 
attraction of charges can be established through an insulating layer [65]. Working with the 
contact mode requires an operating frequency of around 1 kHz, whilst in contactless method 
higher frequencies of several hundreds kHz are typically applied. As detection sensitivity is 
strongly dependent on background conductivity, it is recommended to select background 
buffer(s) of low conductivity for this mode of detection. Conductivity detection favours the 
determination of poor or non-UV absorbing charged species of relatively high specific 
conductivity, such as inorganic ions, amino acids etc. Further details on principles and 
applications of conductivity detection can be found in [61, 67, 71-76]. 
 
One common drawback for electrochemical methods, though when used for direct 
quantification, is a certain inherent limitation in selectivity. A solution to the selectivity 
limitation is the combination of these electrochemical quantification methods with a 
separation step. The electrophoretic separation methods can be considered to be 
electroanalytical techniques, and therefore match the simplicity of an electrochemical 
quantification step more closely than the flow-driven chromatography. 
 
1.2.4. Capacitively coupled contactless conductivity detection C4D 
1.2.4.1. Basic principles and configuration of C4D 
The basic arrangement of an axial C4D, which was first introduced independently by Zemann 
et al. [77] and by da Silva and do Lago [78] in 1998, and is still widely used nowadays, is 
illustrated in figure 5a. Two electrodes of a few millimeter lengths, namely actuator and pick-
up electrodes, made from conductive silver varnish or short metallic tubes, which are 
separated by a gap of typically 1 mm, are placed side by side around the capillary. Cells can 
be readily made for capillaries of the standard 365 µm outer diameter. Since the two sensing 
electrodes themselves can couple with each other to give a stray capacitance, leading to an 
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additional background signal, which is not preferable for detection, they are normally 
surrounded in Faradaic shielding to minimize their direct capacitive coupling. The Faraday 
shield is typically made of a thin copper foil, on which only one hole is drilled to admit the 
capillary. The two external electrodes form two capacitors (C) with the solution inside the 
capillary. The equivalent circuitry of a conventional contactless conductivity cell, as shown in 
figure 5b, can be represented by an arrangement of two double layer capacitances C 
connected to the solution resistance R. An AC excitation voltage with high frequency of 
several hundreds kHz is applied at the actuator electrode. The current (I) passing through such 
a circuitry is dependent on the applied alternative voltage (V) and frequency (f) as expressed 
by the following equation: 
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According to equation (9), at low frequencies, the current is limited by the double layer 
capacitances. For the higher frequencies, the current is determined only by the solution 
resistance, not by the capacitance at the electrodes, resulting in a plateau value of current (I). 
The fact that the two electrodes are taken out of the solution leads to an increased separation 
of the charges, resulting in a greater distance between the two plates of a capacitor. This 
translates into a smaller capacitance, and hence higher required operating frequency.  In 
practice, frequencies higher than 100 kHz are employed, and the value of 300 kHz is deemed 
optimized [79]. The AC current signal, which is picked up at the second electrode, first has to 
be transformed into a voltage with a feedback resistor and then rectified to obtain a recordable 
DC signal that varies with conductivity changes. Typically, the background signal should be 
suppressed electronically (“offset” or “zeroed”) before amplifying the measured signal to 
obtain the best resolution of the analog-to-digital converter. For more details on fundamental 
aspects of C4D consult the papers by Kubáň and Hauser [79-81].  
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      (A)  
 
(B) 
Figure 5: Schematic drawing of C4D in an axial arrangement. 
(A) Schematic drawing of the electronic circuitry; (B) Simplified circuitry 
 
In C4D, the electrodes are positioned on the outside of the capillary, leading to ease in setup, 
and exact alignment of electrodes matching with various diameters of capillaries.  With the 
axial and contactless configuration, many advantages can be obtained, such as avoidance of 
corrosion of electrodes, prevention of electrode fouling, inherent decoupling from the electric 
field applied for separation, simple construction of the detector cell and possibility for 
miniaturization. Moreover, removal of the polyimide coating, which renders the capillary 
fragile but is required to allow passage of UV radiation in optical detection techniques, is not 
needed in C4D. Commercial versions of C4D have recently become available in the market, 
fitting not only to CE but also to other analytical techniques, such as IC, HPLC or FIA 
(www.edaq.com and www.istech.at). 
 
1.2.4.3. Applications of C4D 
With unprecedented simplicity in terms of geometry and electronic circuitry, the construction 
of a C4D cell is relatively easy and therefore can be done in-house by different research 
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groups. Together with the introduction of commercially available C4D units, this contributes 
to the extreme popularity of C4D since its appearance as a robust detection technique for CE 
in 1998 [77, 78]. Reviews on recent applications of C4D in CE are gleaned from [72, 82, 83]. 
Applications of C4D, moreover, have not been restricted to detection in CE, but have also 
been extended to the separation methods of ion chromatography [84], HPLC [85-87] as well 
as to flow-injection analysis [88, 89].  
 
Applications of C4D in CEC in general have been very limited to date. Hilder et al. 
communicated the determination of several inorganic anions using a column packed with a 
particulate ion-exchange material as stationary phase [90]. Detection was carried out directly 
on the column. Kubáň et al. gave an account of determination of inorganic cations by OT-
CEC using an anionic polymer wall-coating as stationary phase [91]. Nevertheless, till now, 
the application of C4D in CEC is still in its immature state. 
 
1.3. Sequential injection analysis coupled to capillary electrophoresis 
1.3.1. Sequential injection analysis with Lab-on-Valve (LOV) and Lab-at-Valve (LAV) 
concepts 
Sequential injection analysis (SIA) is a flow methodology for sample handling that allows the 
automation of manual liquid-phase chemistry procedures based on rapid, precise and efficient 
aspiration of small volumes of reagents and samples into a single channel. The concept of SIA 
was invented in 1990 by J. Růžička and G.D. Marshall at the University of Washington [92] 
in response to an industry-emerged requirement for a more robust automated wet-chemistry 
technique than the traditional flow-injection analysis (FIA) which was widely accepted in 
academic analytical chemistry laboratories at the time. They applied a so-called stopped flow 
method for reproducible chemical analysis of thiocyanates. Further application came as early 
as 1991 when Růžička and Gubeli determined a protolytic enzyme using an automated 
stopped-flow procedure [93]. The very first review on the principles of the sequential 
injection methodology was reported also by Růžička one year later [94]. Later on, Guzman et 
al. applied SIA with fluorimetric detection for determination of an enzyme named factor 
thirteen [95]. Not long after, an evaluation of the performance of SIA, as well as 
recommendations on how to select and configure components of a sequential injection system 
were outlined by the same research group [96]. Since then, SIA underwent a booming period 
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where its scope in complex sample-handling procedures, including on-line sample dilution, 
dialysis and gas diffusion, extraction, enzymatic and immunological assays etc., created an 
exponential growth of applications [97-101]. 
 
Figure 6: Basic configuration of SIA 
SIA is considered as the second generation of FI based technique [94, 102] that can operate 
multi-tasks in a single channel and can perform most operations of FIA with minimal physical 
modification of a manifold. The principles upon which SIA is based are reproducible sample 
handling and controlled partial dispersion, as similar to those of FIA [92]. The basic 
configuration of SIA is schematically represented in figure 6. The heart of SIA is the multi-
port selection valve since it enables the sequential selection of the various solutions and the 
subsequent redirection towards the detection system. The operation scheme of SIA is based 
on a multi-position selection valve and the propulsion.  The propulsion system typically 
consists of a peristaltic pump or a piston pump that can provide unattended operation on a 24-
h basis. Fluids are manipulated within the manifold between the selection valve and the 
propulsion by means of a bi-directional pump. The entire operation is computer-controlled 
and is carried out in a practically single-channelled configuration.  
 
A step forward in miniaturisation of the sequential injection concept has recently been 
conceived with micro sequential injection lab-on-valve (SI-LOV) configuration [103], which 
is considered the third generation of flow analysis [104]. In this setup, all analyses are 
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performed in micro- or nano-liter volumes at the integration of the flow cell for sample 
processing, chemical reaction and detection in a conduit at a multi-position valve. With this 
significant downscaling of SIA, an even much lower consumption of reagents and samples is 
made possible. And as all equipment, i.e. selection valve, propulsion device and detector, can 
be assembled in the same box, this configuration is viewed as the most compact of all the 
flow methodologies. The employment of SI-LOV can be referred to [104, 105] for 
environmental analysis, and [106, 107] for bio- and clinical applications. 
 
The advantages of SI-LOV in integrated instrumentation, rapidity, automation, 
miniaturization, tolerance to dirty samples and low reagent and sample consumption, 
however, sometimes cannot compensate for its disadvantage of constructional difficulties. For 
a flow cell and detection unit to be incorporated in SI-LOV, a stator plate of a multi-position 
selection valve must be replaced with a perfectly machined Perspex block mounted on top of 
the selection valve and special fibre optics technology must be employed [103], which, very 
often, raise challenges in equipment support in different laboratories. These drawbacks of SI-
LOV, on the other hand, were eliminated by the introduction of a new sequential injection 
configuration, so-called Lab-at-Valve (LAV) [98, 108]. In this setup, sample processing and 
detection units are attached or plugged onto ports of a commercial conventional multi-
position selection valve without taking apart any component of a purchased valve. The LAV 
thus can be easily constructed, using ordinary and less precise machine tools, whilst still 
reserving all advantages of LOV. This simpler approach of SI-LAV was first demonstrated 
for potentiometric determination of chloride [109]. Consequently, other applications of this 
SI-LAV format were reported in [108, 110, 111]. Although still in its infancy, SI-LAV has 
already proved to be an attractive, effective front end for sample treatment and processing 
prior to detection. 
 
1.3.2. Automation and extension of CE with sequential injection analysis 
In SIA, due to the complexity of most of the analyzed samples, and due to poor selectivity of 
the flow-based methodology itself, a pre-separation step (e.g. derivatization with chemicals) 
or a post-separation step is often required if more than one compound is to be determined. In 
the case of pre-separation steps typically incorporated, complex manifolds with a multitude of 
flow channels and detectors are necessary in order to achieve high selectivity for each analyte 
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in a multi-analyte mixture, thus making this otherwise simple and straightforward flow 
analysis scheme very complicated. The use of automated SIA as a front end to various 
analytical protocols, notably liquid chromatography (LC) or capillary electrophoresis (CE), on 
the other hand, is much more desirable. There is no great technical challenge in coupling SIA 
with LC as the flow in both systems is generated by pressure. The combination of SIA-LC can 
be typically done just with a simple chromatographic valve, which facilitates the employment 
of this setup since the early years of LC. However, this combination always possesses the 
drawbacks of high back pressure and elevated cost for instrumentation and equipment 
maintenance associated with LC, which, in many cases, prevent its popularity. 
 
The coupling of SIA based on a syringe pump and a multi-position valve with CE is a 
relatively new approach that provides simultaneous detection capability to SIA. It is also an 
attractive and versatile mean to miniaturization, automation and extension of CE. Since CE 
does not require the implementation of high-pressure pumps, and aggressive solvents are 
seldom needed, CE is particularly suitable for coupling with flow techniques, notably SIA. 
Such a coupling is considered the marriage between the powerful separation mechanisms of 
electrophoresis with the automation concepts of the micro-sequential injection technique. This 
SIA-CE combination can enjoy both the noteworthy advanced aspects of CE and SIA, i.e. 
high separation efficiency, low sample and electrolyte consumption, experimental simplicity, 
programmable and precise handling of small liquid volumes, and cost-effectiveness. 
Nevertheless, commercial CE instruments designed for the laboratory are not well suited for 
coupling to such external sample handling manifolds as SIA. The use of a syringe pump in 
SIA-CE systems, moreover, allows simple and reproducible pressurization of the CE capillary 
inlet for sample injection, capillary rinsing and conditioning without modifying the 
instrument. It is, on the other hand, easier to construct a CE-separation unit as part of an 
extended SIA-manifold. Of course, combining pressure-driven flow of SIA with 
electrophoretic separation methods poses considerable technical challenges because pressure-
induced flow is largely incompatible with the typically plug-like flow in CE. The high 
voltages applied in CE are not compatible with typical flow system manifolds and in some 
cases can cause malfunctions and failure of the electric controls. Furthermore, flow splitting is 
needed due to low injection volume in CE (in the nL-range). The coupling of flow-based 
techniques in general and SIA in particular with CE thus is not trivial, and so far based on 
special interfaces [17, 18, 112-116] to conduct the flow through the sample preparation 
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module towards the CE system. These interfaces, some of which are illustrated in figure 7, 
were designed to be compatible with both the flow mode placed in front and the subsequent 
CE system. They also facilitate automation with significantly enhanced sampling frequency 
and precision. A typical arrangement of SIA – CE is shown in figure 8. 
 
  
 A)       B) 
 
  
  C)       D) 
 
Figure 7. Some split-flow interfaces for coupling of flow-based techniques to CE. A) Plastic 
tip with embedded Pt electrode; B) Plexiglas interface; C) Micro-valve approach; D) Two T-
connector interface. W: waste; Pt: platinum electrode. 
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Figure 8. A typical setup of SIA-CE combination 
Although two independent works by Kubáň et al. [17] and Fang et al. [18] in 1997 were 
considered the milestone for the full exploitation of the marriage between CE and flow-based 
techniques, the very first attempts to couple SIA with CE were reported by Růžička and co-
workers in 2002, for anion separation [118] and for insulin derivatisation and separation 
[116]. Kulka et al. [114] introduced a similar system in 2006 and Horstkotte et al. [119, 120] 
demonstrated the determination of nitrophenols. Zacharis et al. [115] designed a SIA-CE 
instrument employing laser-induced fluorescence for detection. Wuersig et al. [121] used an 
SIA set-up to achieve fast injections into capillaries of only a few centimetres in length and 
could thus demonstrate the separation of inorganic cations and anions in approximately 10 s. 
C4D was employed in the latter case for detection. Many other applications of the coupling of 
SIA and CE up to 2009 can be found in [117, 122, 123].  
 
1.4. Research objectives of the thesis 
Five different interrelated projects were carried out in the scope of this dissertation in order to 
explore the applications of capacitively coupled contactless conductivity detection in capillary 
electrophoresis and capillary electrochromatography, as well as the extension of capillary 
electrophoresis with sequential injection analysis. Different system setups were designed and 
constructed, based on the core arrangement of contactless conductivity detection coupled with 
capillary electrophoresis, with many modifications and extensions according to different 
pursued approaches: 
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(A) Applications of C4D in capillary electrochromatography with monolithic 
octadecylsilica (C18) column. After more than one decade since the introduction of 
C4D to CE, hundreds of applications of this detector in CE have been reported, but 
the potential of this state-of-the-art mode of detection in CEC has still been in its 
immature state. To our knowledge, the simplicity and applicability of the 
combination of C4D and CEC with monolithic columns have never been explored. 
Thus, the first project was aimed to demonstrate the separations of inorganic and 
organic cations based on this combination. The in-house system was constructed, 
relying on a manual CE-C4D setup that had been used in our group. A homemade 
C18 monolithic column was prepared and together with a commercially available 
column, they were used for electrophoretic separations of different classes of 
cations, using C4D for detection. 
 
(B) Application of sequential injection analysis (SIA) coupled to CE-C4D for extended 
automated monitoring. It is obvious that commercial CE-instruments designed for 
the laboratory use are not well suited for on-site deployment and for coupling to 
external sample handling manifolds. It is, on the other hand, relatively feasible to 
construct a CE-separation unit as part of an extended SIA-manifold. In this 
contribution, we present a SI-CE-C4D system designed for monitoring applications 
over extended periods and demonstrate its functionality in several days of on-site 
monitoring of the concentrations of inorganic anions and cations in a creek. The new 
set-up incorporates a number of improvements compared to previously reported 
designs in order to achieve high reliability and specific adaptations to allow 
autonomous operation. 
 
(C) Applications of the SIA-CE-C4D system in pressure-assisted capillary 
electrophoresis. The scope of SI-CE-C4D was expanded for advanced operation 
where pressure was incorporated to convert monotonous electrophoresis schemes 
into pressure-assisted separations with varying superimposed hydrodynamic flows 
either for separation efficiency improvement or for throughput enhancement. The 
use of a computer controlled stepper-motor driven syringe pump enables versatile 
variation of the flow even during a separation run, which can be used to obtain 
optimized separation profiles akin to gradient elution in HPLC. Theoretical and 
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application aspects of this advanced approach of CE were comprehensively studied 
in two sub-projects for both cations and anions. 
 
(D) Application of the SIA-CE-C4D system in on-line preconcentration prior to 
automated electrophoretic separation. In CE, detection sensitivities are generally 
lower than those in liquid chromatography, mainly due to small injection volumes 
(in the nano-litre ranges). We thus further worked on designing and development of 
a new configuration of SIA-CE-C4D that allows automated on-line preconcentration 
before separation in order to greatly improve CE detection limits. Some drug 
residues were selected as exemplary analytes to demonstrate the applicability of CE-
C4D in sensitive environmental analysis. It was of interest to further demonstrate its 
functionality by deployment of the system in Vietnam for monitoring these 
compounds in water. 
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2.  Results and Discussion 
The major parts of the thesis have been published in or submitted to different scientific 
journals for analytical chemistry. Therefore the chapter of Results and Discussion are 
presented with a brief summary of the main work of the five projects, together with reprints of 
three published papers and two manuscripts. The first section (chapter 2.1) is devoted to the 
application of contactless conductivity detection in capillary electrochromatography with 
monolithic octadecylsilica column. The work on application of CE-C4D coupled to a SIA 
manifold for unattended monitoring is presented in chapter 2.2. Chapters 2.3 and 2.4 report 
the employment of the SIA-CE-C4D setup in pressure-assisted capillary electrophoresis, for 
cation and for anion separations, respectively. The last subsection is reserved for presentation 
of further exploitation of the SIA-CE-C4D system in automated electrophoretic procedure 
with on-line solid-phase-extraction (SPE) preconcentration. 
 
2.1. Capillary electrochromatography with monolithic octadecylsilica columns coupled 
with contactless conductivity detection for cation separations 
Monolithic capillaries with high porosity property are well suited for coupling with a CE unit 
as only low pressure is required for combined operations. Monolithic capillaries coated with 
octadecyl groups (C18) were first produced in-house, following the procedures described 
exhaustively in [36, 124-126]. The homogeneity of the columns was controlled with C4D by 
moving the column through the detector and observing the variation of the magnitude of C4D 
output voltage signal generated from the fraction of the volume taken up by an ion bearing 
solution inside the capillary. Though the consistency of the homemade column is not quite as 
good as that of a commercial one, both these columns serve well for separation purposes. The 
selection of the mobile phase for CEC with conductivity detection is critical, as the 
requirements for electrophoresis and for the chromatographic process have to be satisfied as 
well as those for conductivity detection. It must be compatible with the stationary phase, have 
adequate elution strength and be of low specific conductance in order to allow high sensitivity 
in conductometric detection and to minimize Joule heating effect. Several buffer systems 
frequently used for HPLC were briefly tested, namely water/methanol mixtures containing 
trifluoro-acetic acid, phosphate buffers, tris(hydroxylmethyl)-aminomethane, hydrochloric 
acid, citric acid and formic acid, but they were found not to give stable baseline, presumably 
in the majority of cases due to Joule heating caused by too high a conductivity. A mobile 
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phase consisting of acetic acid in a water/methanol mixture was observed to generally give 
more stable baselines. The optimization of CEC conditions, mainly consisting of finding the 
best concentration of acetic acid in an appropriate ratio of methanol to water, thus were 
carried out for both homemade and commercial monolithic columns. For separations of 
inorganic cations, the buffers composed of 40 mM acetic acid in 50 % (v/v) methanol and 80 
mM acetic acid in 55 % (v/v) methanol were found to be optimized for the homemade and 
commercial columns, respectively. A buffer of 60 mM acetic acid in 40 % (v/v) methanol in 
water was best suitable for separation of small amines. In the case of amino acid 
determination, a buffer consisting of 20 % (v/v) acetic acid in 40 % (v/v) methanol in water 
was found optimal. Quantitative data with these conditions were also collected, and were 
comparable with those obtained from CE with conductivity detection. 
 
2.2. Capillary electrophoresis with contactless conductivity detection coupled to a 
sequential injection analysis manifold for extended automated monitoring applications 
For monitoring purposes, it is very crucial to set up a system that can implement sampling, 
separation, detection and data acquisition in an autonomous way. Such a system was designed 
and constructed based on an extension of conventional CE-C4D with a sequential injection 
manifold via an interface. The SI manifold relies on a two-way motor-driven microsyringe 
pump and a multiport valve with a holding coil in between. Two major modifications have 
been made to the set-up compared to earlier designs [119-121]. The first change is the 
employment of an adjustable needle valve designed for the splitting of small flows into two 
streams in connection with two solenoid isolation valves for precise hydrodynamic injection, 
flushing of capillary and renewal of buffer at the two ends of the capillary. The second 
modification concerns the detection end of the separation capillary where the high voltage is 
applied. The high-voltage end was enclosed in a safety case to assure electrical isolation. The 
automated buffer supplementation at the high voltage end was carried out directly through the 
capillary, instead of using auxiliary tubings [119, 120] to prevent electrical arcing, which can 
in turn lead to destruction of part of the electronic instrumentation. A special interface of 
minimal internal volume, with an ‘ion-delay’ channel with a round cross-section of 0.4 mm 
diameter and 2 cm length between the end of the capillary and the high voltage electrode was 
designed in order to allow efficient flushing of the liquid volume at the high voltage electrode 
through the capillary. The whole analytical procedure, including sampling, flushing of 
capillary and interfaces, separation, data recording was controlled automatically with a 
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homemade computer program based on LabView 8.0 software for Windows XP. Cations and 
anions were determined successively by automatic switching of the high-voltage polarity. To 
check the operation stability, the system was setup for a supervised test run over a period of 
24 h, in which repeated measurements of the standard mixture of the cations and anions of 50 
µM at intervals of 30 min were carried out. The maximum deviations are less than ± 4 %, 
which demonstrates the suitability of the system for automated operation. In order to further 
evaluate the potential for unattended monitoring, the system was then set up at a pumping 
station next to the creek Kleine Aa, a tributary to Lake Sempach, Switzerland. Automatic 
analysis of the water from the creek was then carried out for 5 days during a period of 
frequent rain (end of April, 2009). Cross checking with discrete samples collected during this 
period and later analysed in-laboratory with ion-chromatography gives correlation coefficients 
(r) between 0.826 and 0.989 for all ions. Considering that some deviation can be expected due 
to possible sampling bias, the results convincingly show that the system is suitable for 
unattended long-term measuring tasks. 
 
2.3. Pressure-assisted electrophoresis for cation separations using a sequential injection 
analysis manifold and contactless conductivity detection 
The superimposition of a hydrodynamic flow is another potentially useful parameter, besides 
the injection volume, separation voltage applied and the capillary length, for flexible 
adjustment of the dwell time of analyte ions in the electric field in order to optimize resolution 
and/or analysis time. However, pressurization to introduce such a flow during electrophoretic 
separation has not generally been employed, as the imposition of this laminar flow tends to 
lead to band bandbroadening. This adverse effect, nevertheless, can be significantly reduced 
by using capillaries of very small diameters. Experiments with different capillaries of internal 
diameters from 10 µm to 75 µm with detection by C4D demonstrated that detection limits are 
all in the low µM-range, and almost identical for four diameters investigated, with the loss of 
sensitivity in going to the narrowest capillary being less than a factor of two. At the same 
time, separation efficiencies were greatly improved when reducing the inner diameter from 75 
µm to 10 µm, whether pressurization to introduce a hydrodynamic flow is present or not.  
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So far, instrumentation for pressure-assisted capillary electrophoresis has been relying on the 
complex application of gas pressure or vacuum, which is typically equipped in conventional 
CE systems. The coupling of sequential injection analysis based on a syringe pump and a 
multi-position valve with CE, which is an attractive and versatile means to miniaturization, 
automation and extension of CE, is also a very new approach to provide pressure-assistance to 
introduce a hydrodynamic flow on the fly of electrophoresis. Very fast separation of inorganic 
cations in a red wine sample was carried out with the application of pressure of 1.6 bar 
produced from the micro movement of the motor driven pump. Compared to conventional 
monotonous CE separation, the analysis time was reduced from more than 6 min to less than 2 
min, which in turn can greatly enhance sample throughput. The SIA-CE-C4D system was then 
further employed to create pressure gradient for concurrent separation of fast and slow 
migrating amines. In this complex situation, a constant pressure is not favourable, as a low 
pressure may be necessary for baseline separation of fast migrating analytes, but may lead to 
exceedingly long migration times for the slow ions, whilst an elevated pressure can 
deteriorate separation of the fast moving species. Accordingly, two pressures of 0.9 bar and 3 
bar were applied at different times during electrophoretic separation of 9 amines. Salient 
performance data were also acquired for this operation, with detection limits in the range from 
1.5 µM to 15 µM, calibration curves up to 300 µM, and reproducibility for retention time and 
peak area of 1% and 2-5%, respectively. 
 
The advanced feature of the SIA-CE-C4D combination in pressure-assisted CE was further 
employed to create a hydrodynamic flow to counter-balance the mobility and electroosmotic 
flow in order to solve the overlapping problem of two adjacent peaks. Ca2+ and Na+ were 
chosen as exemplary analytes, with the concentration of Ca2+ 20 times as high as that of Na+. 
Baseline separation of these cations, which is not possible with conventional CE conditions, 
was obtained using this pressure-driven mode with a capillary of an effective length of only 7 
cm. Further demonstration of the functionality of the SIA-CE-C4D setup was shown in a very 
complex operation of multi-electrophoresis where 2 hard-to-separate amines are to be 
separated. Pressurization and application of high voltage are triggered at distinct stages to 
deliver the sample plug to the proximity of the high voltage end of the capillary and to 
implement monotonous electrophoresis towards the grounded end of the capillary, 
respectively. These operations are repeated several times until baseline separation of these 
amines is obtained at their 10th passage through the detector. 
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2.4. Anion separations with pressure-assisted capillary electrophoresis using a sequential 
injection analysis manifold and contactless conductivity detection 
 After the successful demonstration of the SIA-CE setup for pressure-induced electrophoretic 
separation of cations, a further study was carried out for the CE separation of anions in bare 
fused silica capillaries without addition of an EOF modifier. Sample injection was 
implemented with a new design relying on a simple piece of capillary tubing of defined 
diameter and length to achieve the appropriate back-pressure for the required split-injection 
procedure. The dimensions required for the pressurisation tubing can be worked out using the 
well-known Poiseuille equation, which relates the flow rate with pressure drop and length and 
diameter of a tubing. Using this approach it was found that for a PEEK tubing of 0.007" i.d. a 
length of about 35 cm was required in order to inject a 1 cm plug into a capillary of 50 cm 
length and 10 µm i.d. 
 
This SI-CE arrangement using PEEK tubing for hydrodynamic injection was then first 
employed for separation of inorganic anions. As most inorganic anions are present in their 
charged forms even at low pH conditions where the EOF is suppressed, separation of these 
strong electrolyte anions in CE is often possible without the use of an EOF modifier while 
applying a positive separation voltage at the detector end. A superimposed hydrodynamic 
flow was utilized during separation of a range of inorganic anions of fast and relatively slow 
electrophoretic mobilities to accelerate the movement of slowly migrating anions in order to 
speed up the analysis. A hydrodynamic flow is not applied at the start of the separation in 
order to maintain adequate separation of fast moving anions. Rather, the late anions were 
pushed along by activation of pressure at an exact time in the middle of the electrophoretic 
separation. If only the more slowly moving anions are of interest, a very fast analysis of the 
late species can be achieved by a reversal of the applied voltage in combination with 
employment of pressure to create a hydrodynamic flow to counter the electrophoretic 
movement of anions.  
 
The separation of weak organic anions, i.e. carboxylates with CE was then implemented at a 
high pH of 8.4, produced from a buffer based on Tris/CHES, in order to assure complete 
dissociation. A hydrodynamic flow induced from a pressure of 2.8 bar was employed to 
balance the EOF during the separation (positive voltage applied at the detection end).  For 
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comparison, the separation of the same standard mixture of carboxylates was also carried out 
using the conventional approach by inclusion of CTAB (0.1 mM) as EOF modifier in the 
buffer, without application of hydrodynamic flow.  Except for some difference in total 
analysis time (which could be matched by optimization of hydrodynamic flow rate and/or 
CTAB concentration), very similar results were obtained.  
 
In a more complex situation where a mixture of 16 fast inorganic anions and slow organic 
anions are to be separated at high pH, EOF compensation with a constant hydrodynamic flow 
is not appropriate. A small constant pressure, although it can assure baseline separations of 
slow carboxylates, may lead to unacceptably long analysis time. On the contrary, a high and 
constant hydrodynamic flow results in significant shortening of the separation time, but at the 
expense of a loss of baseline resolution for the early peaks.  The solution here was to use a 
change of hydrodynamic flow rate during the separation. With this method, baseline 
resolution for all analytes was obtained at a relatively short total analysis time. Statistical data 
were then acquired to evaluate the reproducibility of the pressure assisted method for anion 
determination and suitability for quantification. The detection limits are in the low µM-range 
and the reproducibility of retention times and peak areas are about 1-1.5 % and 3-5% 
respectively, which is comparable to the performance obtained with the conventional 
approach using an EOF modifier. This method was then successfully applied to determine 
preservatives in a beverage sample, and to quantify the content of ascorbic acid in vitamin C 
tablets. 
 
2.5. On-line SPE preconcentration coupled with automated capillary electrophoresis 
using a sequential injection manifold and contactless conductivity detection 
Further exploitation of the extension of the conventional CE-C4D with SIA was carried out in 
automated on-line SPE preconcentration prior to electrophoretic separation. The in-house 
built C4D was employed for sensitive detection with narrow capillaries of 25 µm internal 
diameter. The system was designed as an industrial prototype, with all fluidic and electronic 
parts, as well as all power supplies assembled into a standardized 19” frame for easy 
transportation and mobile deployment. The electronic parts were arranged in two 19” units, 
one for all power supplies and the other for compartments of electronic circuitry boards, with 
the controls and switches built on different front panels. These compartments can be easily 
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taken out for replacement or modification. All fluidic components, including the pump, 
valves, holding coils, interface and liquid containers, are fixed onto a perplex panel situated 
above the two electronic units. With this compact all-in-one design, it is very convenient to 
set-up the system on-site for monitoring applications. Furthermore, as the system is 
standardized in a 19” arrangement, facile duplication of the system is possible. 
 
Several extensions and modifications have been made to the first SIA-CE-C4D design 
(reported in subsection 2.2) in order to incorporate the preconcentration procedure into the 
fully automated operation. The essential change is the employment of two holding coils at the 
same time, one for aspiration of sample (for separation without preconcentration) or eluent 
(for elution prior to separation) and the other as a reservoir to hold the solution eluted from 
the preconcentration cartridge before it is pumped to the interface for hydrodynamic injection. 
The fluid can be diverted either to the preconcentration column or to the SI-CE interface for 
injection and separation by using a Y-shape intersector and a 3-gate valve in addition to the 
solenoid isolation valves already used in the previous system. Another modification concerns 
the on-line acidification of the sample before loading onto the cartridge. The complex setup 
for on-line acidification, using multi syringes at the same time [120] is replaced with a much 
simpler approach, using only a graduated needle valve. To eliminate the problem of restriction 
of loading volume due to the limited capacity of the syringe, repetitive loading was employed. 
 
To demonstrate the functionality of the developed system, four pharmaceuticals, namely 
ibuprofen, diclofenac, naproxen and bezafibrate, were selected as exemplary analytes. These 
pharmaceuticals are classified as environmental contaminants due to their high lipophilicity 
and low biodegradability. These drug residues in water were first preconcentrated on a C18 
column. The eluent containing the desorbed drugs was then directly used as a sample for CE-
C4D separation. The optimized background electrolyte (BGE) is composed of 
TRIS(hydroxymethyl)aminomethane 36 mM, lactic acid 20 mM and cyclodextrin HP-β-CD 1 
mM. With this CE condition, calibration curves were acquired up to 100 µM with very good 
correlation coefficient (r more than 0.997), with RSD % for migration times and peak areas of 
1 - 1.5 % and 2.5 - 5%, respectively. For SPE preconcentration, selection of SPE cartridge, 
optimizations of procedures of sample acidification, sample loading and elution were carried 
out. HCl 0.1 N was used for sample acidification since only a minor amount (less than 1% 
v/v) of this strong inorganic acid solution is sufficient to keep the pH of the sample under the 
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pKa of these carboxylated drugs (less than 4), which in turn does not affect much the 
enrichment factor. It was found that complete elution of the retained drugs from the C18 
column was achieved within 20 seconds using 500 µL of the eluent containing TRIS 9 mM / 
Lactic acid 5 mM (62.5%) and acetonitrile (37.5%). In order to evaluate the potential for 
unattended operation, the system was set up for a supervised test run over a period of 10 hours 
per day over 3 continuous days, in which repeated preconcentrations with an enrichment 
factor of 30 and CE measurements of the pharmaceuticals (0.5 µM prepared in DI water) were 
carried out. The maximum deviation is about ± 8 %, which is deemed acceptable considering 
that this deviation is the accumulation of minor and inevitable errors in different operations, 
i.e. sample loading, elution, injection and separation. The lifetime of the cartridge was further 
evaluated by carrying out preconcentrations in more severe conditions, in which solutions of 
pharmaceuticals were prepared directly in tap water matrix instead of in DI water and 
enrichment factor was set at 750. It was experimentally found that for good preconcentration 
performance, a loading volume of 1000 mL should not be exceeded. With preconcentration 
prior to CE-C4D determination, the concentrations of drug residues in water can be monitored 
down to the nM scale, which is impossible with normal CE setups. 
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Abstract 
It is demonstrated that a hydrodynamic flow superimposed on the mobility of analyte anions 
can be used for optimization of analysis time in capillary zone electrophoresis.  It was also 
found possible to use the approach for counter-balancing the electroosmotic flow (EOF) and 
this works as well as the use of surface modifiers.  In order to avoid any band-broadening due 
to the bulk flow narrow capillaries of 10 µm internal diameter were employed.  This was 
enabled by the use of capacitively coupled contactless conductivity detection (C4D) which 
does not suffer from the downscaling and detection down to between 1 and 20 µM for a range 
of inorganic and small organic anions was found feasible.  Precisely controlled hydrodynamic 
flow was generated with a sequential injection (SI) manifold based on a syringe pump.  
Sample injection was carried out with a new design relying on a simple piece of capillary 
tubing to achieve the appropriate back-pressure for the required split-injection procedure.    
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1 Introduction 
In capillary zone electrophoresis, electrophoretic separation and/or analysis time can be 
optimised by adjustment of the applied voltage and/or the capillary length.  However, there 
are limits due a restriction of the high voltage range, Joule heating effects, and the possible 
need for manual mechanical manipulations.  The electroosmotic flow (EOF) is another 
parameter that usually needs to be controlled by using buffers of appropriate pH and ionic 
strength and often an additive is included for dynamic coating of the capillary wall to achieve 
passivation or reversal of the surface charges.  Adjustments require careful reconditioning of 
the capillaries.  Much effort has been spent for development of such coating procedures for 
modification of the EOF [1].  Semi-permanent [2] and permanent [3-5] coating procedures are 
used but are elaborate and time consuming, and necessitate an exchange of capillaries when 
requirements change.   
 
In principle, the incorporation of a hydrodynamic flow can be used as an additional variable 
which may be used for control of the residence time in order to improve the separation 
efficiency and/or analysis time, as well as for compensation of electroosmotic flow.  This 
does not require a modification of the composition of a buffer and the associated capillary 
reconditioning and may be easily controlled and reversed electronically.  However, despite its 
potential, other than for some specialised applications using pressurised systems such as 
coupling CE to mass-spectrometry and for CEC, there are only a few reports on employing 
hydrodynamic flow for controlling the residence time [6-8].  The reason for this is the fact 
that the laminar flow introduced by conventional pumping tends to lead to additional 
bandbroadening.  The high separation efficiencies that can be obtained with CE are indeed 
attributed precisely to the absence of laminar flow.   
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For anions, without the use of a modifier to reverse the electroosmotic flow, the influences of 
longitudinal diffusion and laminar flow induced dispersion on separation efficiency (given as 
theoretical plate height, H) can be expressed as the first and second terms of the following 
equation respectively, which is an extension of the original version proposed by Grushka [9]: 
H =
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! v
EOF
+ v
HD
+
d
2
v
HD
2
24D(v
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! v
EOF
+ v
HD
)
  equation (1)  
 
D is the diffusion coefficient of the analyte and d the inner capillary diameter; vEP, vEOF, vHD 
are the electrophoretic velocity of the analyte ion, the electroosmotic flow velocity and 
hydrodynamic flow velocity respectively.  Little quantitative experimental data is available, 
but Kutter and Welsch reported a study on the use of counterpressure to prevent UV-
absorbing auxiliary reagents from reaching the detector [10], which confirmed that for 
capillaries of 50 and 75 µm internal diameter the imposition of a hydrodynamic flow 
generally results in a significant decrease in theoretical plate numbers.   
 
Electrodispersion, arising from differences in electrophoretic mobility between analyte ions 
and buffer ions is another factor causing band broadening.  If this is the dominating 
contribution, the triangular peak shapes typical for capillary electrophoresis are the result.  
Detailed studies on electromigration dispersion have been reported by different authors [11-
16].  This dispersion effect can be described by the following equation, which was first 
developed by Mikkers et al. [11, 14] and later simplified by Erny et al. [16]:   
! (t) = 2 " c "# " $lo " µA " E " t = 2 " c "# " $lo " µA " E "
leff
vEP % vEOF + vHD
 
         equation (2)  
δ(t) is the peak width, comprising both the sharp and the tailing sides of the peak, in an 
electropherogram for the electrophoretic migration of an analyte of concentration c under an 
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electrical field strength E for a residence time interval t; leff is the effective length of the 
capillary; µA is the ionic mobility of the analyte; ∆lo is the injection length; and α is a 
parameter dependent on the differences in mobilities of the analyte, counterion and co-ion.  
 
The separation efficiency may thus be dependent on the magnitudes of longitudinal diffusion 
or electromigration dispersion, which in turn depends on the balance of velocities, or, if 
hydrodynamic flow is present, on the flow rate and the inner diameter of the capillary.  Due to 
the quadratic contribution of the diameter in the second term of equation (1) it can be 
expected though, that any effect of laminar flow can be significantly reduced by using very 
narrow capillaries.  This however, is not readily possible with the standard detection 
technique of optical absorption as the accompanying reduction in optical pathlength leads to a 
significant loss in sensitivity and the required reduction in aperture would increase detector 
noise and pose significant challenges in the manufacturing and alignment of a cell.   
 
On the other hand, it has been shown that capacitively coupled contactless conductivity 
detection (C4D) can be used with narrow capillaries of 10 µm without severe penalty in 
sensitivity [17, 18].  The construction of such a measuring cell is also much less demanding 
than that of an optical cell as the external tubular electrodes need to be aligned with the outer 
diameter (typically 365 µm) only, not with the inner diameter of the capillaries.  A discussion 
of the various applications of C4D for CE can be found in recent reviews [19-23], whereas 
fundamental details may be gleaned from [20, 24-29].  It has indeed been demonstrated very 
recently by the authors that for the separation of cations in a CE-C4D-system using 10 µm 
capillaries the superimposition of hydrodynamic flow may be used with advantage [30].  By 
pumping with the mobility of the ions the analysis time may be shortened, or by pumping 
against the mobility of the ions their residence time in the field may be extended, and thus the 
 -66- 
separation be improved.  The detection limits were not significantly lower than those obtained 
with larger diameter capillaries while the separation efficiency was strongly improved for the 
10 µm capillary compared to capillaries of a more standard diameter of 75 µm, regardless of 
whether pumping was applied or not [30].  This is attributed to a reduction in Joule heating, 
and its reduced additional effect on band broadening, for the smaller capillary.   
 
For controlled creation of hydrodynamic flow a sequential-injection analysis (SIA) manifold 
based on a syringe pump and a multi-position valve was employed [30].  This is an attractive 
means for automation, extension and miniaturization of CE.  Applications of this SIA-CE 
combination are summarized in [31].  Recently Mai et al. also used an SIA-CE-C4D system 
for unattended monitoring applications [32].  Herein, a study of pressurization of a CE-C4D 
system in the analysis of inorganic and small organic anions using an SIA-manifold and a 10 
µm capillary is reported.   
 
2 Experimental 
2.1 Chemicals and Materials 
All chemicals were of analytical or reagent grade and purchased from Fluka (Buchs, 
Switzerland) or Merck (Darmstadt, Germany).  Stock solutions of 10 mmol/L were used for 
the preparation of the standards of inorganic and organic anions, using their respective sodium 
salts, except for ascorbate, which was prepared directly from ascorbic acid.  Before use, the 
capillary was preconditioned with 1 M NaOH for 10 min. and deionised water for 10 min. 
prior to flushing with buffer.  Deionised water purified using a system from Millipore 
(Bedford, MA, USA) was used for the preparation of all solutions.  A sample of a carbonated 
softdrink containing some fruit juice and a vitamin C supplement tablet were purchased from 
local shops in Basel, Switzerland.  The beverage sample was prepared by filtering with 0.02 
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µm PTFE membrane filters (Chromafil O-20/15 MS, Macherey-Nagel, Oensingen, 
Switzerland), then diluting with deionised water and ultra-sonicating for 10 min.  The same 
sample pre-treatment procedure was also applied to the vitamin tablet that had been dissolved 
in deionised water.   
 
2.2 Instrumentation 
The instrument was a slightly modified version of a previous design and more details may be 
found in the earlier publication [32].  A simplified diagram is given in Fig. 1.  The SIA 
section consisted of a syringe pump (Cavro XLP 6000) fitted with a 1 mL syringe and a 6-port 
channel selection valve (Cavro Smart Valve) (both purchased from Tecan, Crailsheim, 
Germany).  A purpose made interface is used for connection of the capillary to the SIA 
system.  The stop valves at the outlet of the interface were obtained from NResearch 
(HP225T021, Gümligen, Switzerland).  The fluidic pressure was monitored in-line with a 
sensor from Honeywell (24PCFFM6G, purchased from Distrelec, Uster, Switzerland).  A dual 
polarity high voltage power supply (Spellman CZE2000, Pulborough, UK) with ±30 kV 
maximum output voltage and polyimide coated fused silica capillaries of 365 µm OD and 10 
µm ID (from Polymicro, Phoenix, AZ, USA) were used for all experiments.  Detection was 
carried out with a C4D-system built in-house, details can also be found elsewhere [33].  An e-
corder 201 data-acquisition system (eDAQ, Denistone East, NSW, Australia) was used for 
recording the detector signals.   
 
2.3 Operation 
All operations, including capillary conditioning, flushing, hydrodynamic sample aspiration 
and injection, pressurisation as well as separation and data acquisition were implemented 
automatically.  The programming package LabVIEW (version 8.0 for Windows XP, from 
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National Instruments, Austin, TX, USA) was used to write the control code.  Details on the 
typical procedures can be found in the previous publication [32].  Briefly, for creating a 
hydrodymamic flow through the capillary during separation and for flushing both stop-valves 
(designated as V1 and V2 in Fig. 1) are closed while advancing the stepper motor driven 
syringe pump by appropriate increments.  Hydrodynamic injection is carried out by pumping 
a defined sample plug past the capillary inlet in the SIA-CE interface while partially 
pressurising the manifold by closing only V2.  Flushing of the interface is achieved by 
opening V1 (or both stop valves).  Separation is performed by application of the high voltage 
of appropriate polarity at the detector end, while the injection end remains grounded at all 
times.  The C4D is not affected by this reversal of the usual arrangement.   
 
3 Results and Discussion 
3.1 Pressurisation for hydrodynamic injection  
The transfer of a sample plug into the capillary is carried out hydrodynamically in order to 
avoid a sampling bias which would be inherent with the more easily implemented 
electrokinetic injection method.  However, the sample volumes employed in CE are in the 
nanoliter range, which is too little for direct handling with the SI-manifold.  Therefore only 
part of the dispensed sample plug is injected into the separation tubing using a split-injection 
procedure carried out by creating a backpressure in the interface while pumping the plug past 
the capillary inlet.  Previously a micrograduated valve was used for controlled partial 
pressurisation [32].  A new and simpler approach was developed, which is, as shown in Fig. 1, 
based on the use of a piece of tubing of defined diameter and length to set the backpressure.  
The dimensions required for the pressurisation tubing can be worked out using the well 
known Poiseuille equation, which relates the flow rate with pressure drop and length and 
diameter of a tubing.  Knowing the length of the sample plug passed from the SI-manifold 
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through the interface and its flow rate, as well as the length and diameter of the separation 
capillary the pressure required for injection of a desired length of a secondary sample plug 
into the capillary can be calculated.  As the pressure at the inlet is determined by the 
backpressure created by the flow through the pressurisation tubing (the flow through the 
separation capillary itself can be neglected because of the large splitting ratio) a second 
application of Poiseuille's equation leads to the required dimensions.  Using this approach it 
was found that for a PEEK tubing of 0.007" i.d. a length of about 35 cm was required in order 
to inject a 1 cm plug into a capillary of 50 cm length and 10 µm i.d.  Note that the presence of 
a pressure sensor at the SI-CE interface allows to monitor not only the injection but also the 
application of any hydrodynamic flow during separation as the resulting flow can always be 
calculated using Poiseuille's equation.  A verification can be obtained by injection a plug of 
water into the separation buffer as this will lead to a signal in C4D.  Note that subsequently 
pressure values are quoted instead of flow rates for some of the procedures, as this is the more 
directly measurable experimental parameter.   
 
3.2 Effect of hydrodynamic flow on peak width  
The influence of the hydrodynamic flow on the peak shape of a small anion, namely oxalate, 
is illustrated in Fig. 2.  The running buffer used for this experiment is composed of 
tris(hydroxymethyl)aminomethane (Tris) and 2-(cyclohexylamino)ethanesulfonic acid 
(CHES), has a pH 8.4, and is found to be suitable for detection with C4D.  A positive 
separation voltage was applied at the detector end and no EOF modifier was added.  At the 
relatively high pH a strong EOF is therefore present towards the injection side, while the 
oxalate anion migrates electrophoretically towards the detector end of the capillary.  As can 
be seen from trace (a) of the figure, without the imposition of hydrodynamic flow, oxalate 
arrives very late at the detector as it is strongly retarded by the electroosmotic flow going in 
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the opposite direction.  The fact that the peak shows a pronounced triangular shape indicates 
that electrodispersion is the predominant factor responsible for peak broadening.  The other 
traces of Fig. 2 were recorded with increasing increments of hydrodynamic flow towards the 
detector end.  The triangular peak shapes are retained, which clearly shows that for the 
conditions employed the bulk flow imposed does not lead to any significant added band 
broadening due to laminarity.  It is also evident that the introduction of hydrodynamic flow 
does not only cause the peak to reach the detector earlier, but also leads to significantly 
sharpened peaks.  One may argue that this is simply due to a faster movement of the peak 
through the detector.   
 
For a more detailed examination, the same experiments were also carried out with chloride 
(fast electrophoretic mobility) and formate (electrophoretic mobility smaller than that of 
oxalate).  The numbers of theoretical plates (N) were then calculated from the peaks as a 
numerical measure for peak width for different superimposed hydrodynamic flow velocities.  
The quantitative data is shown in Fig. 3.  Note that in the absence of hydrodynamic flows and 
for flow rates smaller than 0.015 cm/s, formate is not detected as the electroosmosic flow rate 
towards the injection end is larger than its electrophoretic velocity, thus no data could be 
obtained.  For all three anions, poor efficiencies are observed for no hydrodynamic flow or 
small flow rates below 0.1 cm/s whereas significant improvements can be achieved at higher 
velocities.  The curves show a maximum, indicating that the effect is not merely due to a 
faster movement of the ion plugs through the detector cell, but is most likely also partially 
caused by a reduction of electrodispersion through the shortening in residence time (compare 
equation (2)).    
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3.3 Separation of fast inorganic anions  
Most inorganic anions are present in their charged forms even at low pH-value.  In fused 
silica capillaries the EOF is small under acidic conditions.  This means that the separation of 
strong electrolyte anions in CE is often possible without the use of an EOF modifier while 
applying a positive separation voltage at the detector end.  In this case a superimposed 
hydrodynamic flow may be utilized during separation to accelerate the movement of anions of 
relatively slow mobilities in order to speed up the analysis.  In Fig. 4 the separation of a range 
of inorganic anions of fast and relatively slow electrophoretic mobilities under an EOF-
suppressed condition at pH 4 and no superimposed hydrodynamic flow is shown.  As can be 
seen from trace (a) of part A, 5 of the ions are just baseline separated in a relatively short 
time, while two of the ions, namely dihydrogenphosphite and dihydrogenphosphate arrive late 
while being well separated from each other and the other ions.  Note, that the negative going 
peak for phosphate is a normal feature of C4D.  In part B of Fig. 4 the pressures as measured 
at the injection end of the capillary during separation are shown, and remained at 0 bar for 
measurement (a).  The application of a hydrodynamic flow right from the start of the 
separation would in this case not be possible as then the 5 fast ions could not be separated 
adequately.  However, the SIA manifold allows precisely controlled addition of 
hydrodynamic flow at any time during the separation, and as shown in electropherogram (b) it 
is thus possible to push along the late peaks by activation of pressure at 125 s (see Fig. 4B) in 
order to achieve a significant reduction in analysis time.   
 
If only the more slowly moving anions are of interest a different mode of operation is also 
possible.  A very fast analysis of the two late species can be achieved by a reversal of the 
applied voltage in combination with employment of pressure to create a hydrodynamic flow 
to counter the electrophoretic movement of anions.  This situation is illustrated in 
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electropherogram (c) of Fig. 4A.  The analytes, though migrating electrophoretically towards 
the injection end, are pushed hydrodynamically to the detector.  With application of an 
appropriate pressure, only the more slowly migrating anions are pushed towards the detector 
while the faster ones are lost towards the injection end.  Note that the peak order is swapped.   
 
3.4 Separation of slow organic anions 
The separation of weak organic anions, such as carboxylates, with CE has to be implemented 
at a relatively high pH in order to assure complete dissociation.  Under those conditions the 
EOF is strong, and an EOF modifier is usually added in order to obtain parallel 
electrophoretic and electroosmotic flows.  Otherwise unduly slow separations would result 
where the anions are swept towards the detector by the EOF against their electrophoretic 
mobility.  As shown by electropherogram (a) of Fig. 5, it is perfectly well possible to employ 
a hydrodynamic flow to balance the EOF.  A buffer based on Tris/CHES at pH 8.4 was 
employed and a pressure of 2.8 bar was applied during the separation (positive voltage 
applied at the detection end).  For comparison, the separation of the same standard mixture of 
carboxylates was also carried out using the conventional approach by inclusion of CTAB (0.1 
mM) as EOF modifier in the buffer, without application of hydrodynamic flow.  Except for 
some difference in total analysis time (which could be matched by optimization of 
hydrodynamic flow rate and/or CTAB concentration), very similar results were obtained.   
 
3.5 Concurrent separation of inorganic and organic anions using a pressure step 
In the separation of mixtures of fast and slow anions with EOF reversal by using an additive 
in the buffer, or by EOF compensation with a constant hydrodynamic flow, the situation can 
arise that the peaks for the fast ions are close to each other, but those for the slow ions are 
unduly extending the analysis time.  In other words, slow organic acids require stronger 
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measures to adequately overcome the EOF than inorganic anions with fast electrophoretic 
mobilities.  This situation is illustrated by electropherogram (a) of Fig. 6 for a mixture of 16 
inorganic and organic anions.  There is a similarity to the circumstances represented by 
electropherogram (a) of Fig. 4, but here EOF compensation by applying a constant pressure of 
1.7 bar is already in place to an extent that will give an analysis time as short as possible 
without compromising resolution.  As can be seen from electropherogram (b) of Fig. 6, a 
higher hydrodynamic flow at 2.4 bar will lead to significant shortening of the separation time, 
but at the expense of a loss of baseline resolution for the early peaks for nitrate and nitrite.  
The solution is to use a change of hydrodynamic flow rate during the separation.  Optimised 
conditions with a pressure increase from 1.7 bar to 2.4 bar after 240 s led to the 
electropherogram given as trace (c) of Fig. 6 which gives baseline resolution for all peaks at a 
relatively short total analysis time.  
 
3.6 Quantification and samples   
The reproducibility of the pressure assisted method for anion determination and suitability for 
quantification was then evaluated.  This was carried out by acquiring statistical data for a 
standard mixture consisting of 15 anions (as for the previous section, but omitting nitrite) and 
using a fixed hydrodynamic flow at 2.4 bar.  The data is summarised in Table 1.  The 
detection limits achieved for the conditions are in the low µM-range and the reproducibility of 
retention times and peak areas are about 1-1.5 % and 3-5 % respectively, which is comparable 
to the performance obtained with the conventional approach using an EOF modifier.   
 
In Fig. 7 the electropherograms obtained for a beverage sample and the solution of a vitamin 
C supplement tablet are shown.  Appropriate dilutions were carried out to avoid overloading.  
The beverage contains a large amount of citric acid as well as smaller amounts of compounds 
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which would have been added as preservatives such as benzoate and sorbate.  The vitamin 
supplement has a stated content of 150 mg vitamin C (851 µM), the amount determined by 
comparison of the peak area with a calibration curve is 835 µM, which matches well the 
indicated value.   
 
 
4 Conclusions 
It was found that for the conditions used hydrodynamic flow could be imposed without 
significant band-broadening due to laminar flow.  In fact, the number of theoretical plates was 
increased for anions on application of a bulk flow.  The technique was thus found to be a 
highly useful tool for flexible adjustment of the residence time of analyte ions in the electric 
field in order to optimize resolution and/or analysis time.  In the separation of anions the 
balancing of EOF by this purely mechanical means is particularly attractive as it eliminates 
the need for dynamic or permanent chemical modification of the capillaries.  Furthermore, the 
use of a computer controlled syringe pump enables versatile variation of the flow even during 
a separation run, which can be used to obtain optimized separation profiles akin to gradient 
elution in HPLC.   
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Table 1: Calibration ranges, detection limits (LOD) and reproducibility for the determination 
of anions with pressure-assisted CE.  Conditions: leff = 35 cm; E = 400 V/cm;  BGE: His 90 
mM and MES 90 mM;  P = 2.4 bar. 
Anions 
Range 
(µM) a 
Correlation 
coefficient, r 
LODb 
(µM) 
RSD% 
separation 
time 
(n = 4) 
RSD% 
peak area 
(n = 4) 
Cl- 3-200 0.9989 1.3 1.0 3.4 
NO3- 3-200 0.9994 1.3 1.1 3.3 
SO42- 1.5-100 0.9998 0.6 1.0 3.8 
Oxalate 1.5-200 0.9991 0.6 0.9 3.7 
Formate 6-200 0.9990 2.5 0.9 3.8 
Malonate 6-200 0.9998 2.5 1.0 4.1 
Succinate 6-200 0.9996 2.8 0.9 4.0 
Citrate 3-200 0.9993 1.3 1.3 3.9 
Acetate 6-200 0.9992 2.5 1.3 3.5 
Lactate 6-200 0.9996 2.3 1.2 3.5 
Salicylate 12-200 0.9989 5.0 1.5 4.5 
Benzoate 12-200 0.9997 5.3 1.4 4.9 
Sorbate 12-200 0.9995 5.5 1.4 4.9 
Ascorbate 50-800 0.9967 20 1.6 5.6 
Gluconate 50-800 0.9976 15 1.6 5.5 
 
a  5 concentrations 
b  Based on peak heights corresponding to 3 times the baseline noise 
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Figure captions: 
 
Fig. 1.  Schematic drawing of the SIA-CE-C4D-system for pressure-assisted capillary 
electrophoresis.  C4D: contactless conductivity detector;  HV:  high-voltage power 
supply;  W: waste;  V1, V2: stop valves.   
 
Fig. 2. Electropherograms of oxalate (200 µM) obtained with different hydrodynamic flow 
velocities at relatively high pH.  a) Flow rate = 0 cm/s;  b) Flow rate = 0.030 cm/s;  
c) Flow rate = 0.062 cm/s;  d) Flow rate = 0.105 cm/s;  e) Flow rate = 0.314 cm/s.  
CE conditions: leff = 35 cm;  E = 400 V/cm;  BGE: Tris 70 mM and CHES 70 mM, 
pH 8.4.  Negative high voltage applied at the detector end.   
 
Fig. 3.  Number of theoretical plates vs. superimposed hydrodynamic flow velocity for 
different anions.  Analytes (200 µM): chloride, oxalate and formate in deionised 
water.  Other conditions as for Fig. 2.   
 
Fig. 4. Separation of inorganic anions with normal and pressure-assisted CZE.  A) 
Electropherograms, B) Pressure at the injection end of the capillary.  a) Normal 
CZE (Pa = 0 bar);  b) CE with pressure-assistance (Pb) and with negative voltage 
applied at the detector end;  c) CE with pressure assistance (Pc) and with reversed 
applied voltage.  CE conditions: leff = 25 cm; E = 400 V/cm;  BGE: His 12 mM 
adjusted to pH 4 with acetic acid.  Anions: 1) Cl- (100 µM); 2) S2O32- (100 µM); 3) 
NO3- (100 µM); 4) SO42- (100 µM); 5) NO2- (100 µM); 6) H2PO3- (400 µM); 7) 
H2PO4- (400 µM).   
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Fig. 5. Separations of organic anions.  a) Pressure-assisted CZE with P = 2.8 bar.  b) 
Normal CZE using CTAB (0.1 mM) in the BGE as EOF modifier.  Anions: 1) 
Oxalte; 2) Malonate; 3) Formate; 4) Succinate; 5) Carbonate; 6) Acetate; 7) 
Lactate; 8) Salicylate; 9) Benzoate; 10) Sorbate; 11) Gluconate (all 200 µM).  Other 
conditions as for Fig. 2. 
 
Fig. 6. Concurrent separation of fast and slow anions using a pressure step.  a) P = 1.7 bar 
from t = 0 s;  a) P = 2.4 bar from t = 0;  c) P1 = 1.7 bar from t1 = 0 s, P2 = 2.4 bar 
from t2 = 240 s.  CE conditions: leff = 35 cm; E = 400 V/cm; BGE: His 90 mM and 
MES 90 mM.  Anions (200 µM): 1) Chloride; 2) Nitrate; 3) Nitrite; 4) Sulphate; 5) 
Oxalate; 6) Formate; 7) Malonate; 8) Succinate; 9) Citrate; 10) Acetate; 11) 
Lactate; 12) Salicylate; 13) Benzoate; 14) Sorbate; 15) Ascorbate; 16) Gluconate.   
 
Fig. 7. Determination of anions in samples using pressure-assisted CE.  a) Soft drink;  b) 
Vitamin C supplemt.  CE conditions: leff = 35 cm; E = 400 V/cm; BGE: His 90 mM 
and MES 90 mM; P = 2.4 bar.  Anions:  1) Chloride; 2) Nitrate;  3) Oxalate; 4) 
Citrate; 5) Acetate; 6) Benzoate; 7) Sorbate;  8) Ascorbate.   
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Abstract 
An extension of a capillary electrophoresis (CE) instrument with a sequential injection 
analysis (SIA) manifold was developed for automated CE measurements with on-line solid 
phase extraction (SPE) preconcentration. An in-house built capacitively coupled contactless 
conductivity detector (C4D) was employed for sensitive detection with narrow capillaries of 
25 µm internal diameter. The SIA-CE-C4D system was assembled into standardized 19” 
frames and racks for easy transport and mobile deployment. The system can be left running 
unattendedly without any manual intervention with good operation stability. For application 
of the system, sensitive determination of drug residues in water was carried out with 
enrichment factors up to several hundreds. Detection of the drug residues in water down to 
nM scale was found possible. 
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1. Introduction 
In capillary electrophoresis, detection sensitivities are generally lower than those in liquid 
chromatography, mainly due to small injection volumes (in the nano-litre ranges). To improve 
CE sensitivity, several preconcentration strategies have been applied, of which the most 
commonly employed are electrophoretic-based techniques (ITP, stacking, sweeping and 
dynamic pH junction) [1] and solid-phase extraction (SPE) methods [2-4]. The 
electrophoretic-based method, though having the advantage of simplicity, has such limitations 
as restriction of the injection volume, injection discrimination between analytes having 
different electrophoretic mobilities, and the need of a matrix clean-up step beforehand for 
complex samples. Chromatographic-preconcentration techniques, based on analyte sorption 
onto a solid-phase material, on the other hand, allows the loading of multiple capillary 
volumes of samples onto a sorbent and the elution in a small amount of solvent, resulting in 
much lower detection limits. In addition of increased sensitivity, chromatographic techniques 
also efficiently remove unretained matrix interferences, which are useful for analysis of 
complex matrices. Of all types of coupled SPE-CE, including off-line, at-line, in-line and on-
line [5, 6], the latter design, which allows a direct stream of liquid between the SPE column 
and CE capillary via an interface [7], offers the highest sample throughput due to a minimum 
of manual and laborious sample handling and the possibility for automation. 
 
So far, most of the applications of coupled SPE-CE have been carried out with UV, LIF or 
MS detection [2-4]. With conventional UV-radiation detectors, however, when the inner 
diameter of the capillary has to be decreased if required for better electrophoretic separation 
efficiency, sensitivity in CE is often deteriorated, mainly due to insufficient optical path 
lengths. Improved sensitivity in such cases can be accomplished by using more sensitive 
detection methods, such as LIF and MS. Those methods of detection, however, are very 
 -90- 
expensive and too complicated for a compact and mobile set-up for monitoring purposes. On 
the other hand, with the introduction of the capacitively coupled contactless conductivity 
detection (C4D), sensitive detection is now possible even with separation channels as narrow 
as 10 µm [8-10]. Based on a simple measuring cell using a pair of short tubular electrodes 
placed on the outside of the separation capillary, C4D is fully electronic and less demanding in 
construction and power consumption than the common optical detection methods employing 
UV-radiation. Applications of C4D for CE can be found in recent reviews [11-15] whereas 
fundamental studies can be referred to [16-18]. The employment of C4D in coupled SPE-CE 
for enhancement of sensitivity factor, so far, however, is very limited and only in the off-line 
mode, which is very laborious and time-consuming [6, 19].  
 
Liquid stream delivery in on-line SPE-CE till now has been mostly based on a LC pump or a 
flow injection setup [2-5, 7, 20], which is not preferable for full automation and system 
miniaturization. The coupling of sequential-injection analysis (SIA) based on a syringe pump 
and a multi-position valve with CE, on the other hand, is an attractive mean to 
miniaturization, automation and extension of CE. Applications of this SIA-CE combination 
are summarized in [21]. Recently Mai et al. used a SIA-CE-C4D system for unattended 
monitoring applications [22] and for pressure-assisted CE [10]. However, to our knowledge, 
SIA was employed for on-line SPE-CE only by Horstkotte et al. [23], using a multi-syringe 
setup with UV detection. Herein, the development and application of a CE-C4D system 
coupled with a SIA-manifold for automated SPE preconcentration and determination of some 
drug residues in water is reported. 
 
2. Experimental 
2.1. Chemicals and Materials 
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All chemicals were of analytical or reagent grade and purchased from Fluka (Buchs, 
Switzerland) or Merck (Darmstadt, Germany).  Stock solutions of ibuprofen, diclofenac, 
naproxen and bezafibrate in the form of sodium salts (1 mmol/L) were used for the daily 
preparation of the standards.  Before use, the capillary was preconditioned with 1 M NaOH 
for 10 min. and deionised water for 10 min. prior to being flushed with the BGE solution at 
appropriate pH (for 1 hour).  Deionised water purified using a system from Millipore 
(Bedford, MA, USA) was used for the preparation of all solutions. For sample preparation, 
tap water or river water was filtered with 0.02 µm PTFE membrane filters (Chromafil O-
20/15 MS, Macherey-Nagel, Oensingen, Switzerland), then spiked (if need be) with the 
selected drug residues and ultra-sonicated for 2 min.  
 
2.2. Instrumentation 
A dual polarity high voltage power supply (Spellman CZE2000, Pulborough, UK) with ±30 
kV maximum output voltage and polyimide coated fused silica capillaries of 365 µm OD and 
10 µm ID (from Polymicro, Phoenix, AZ, USA) were used for all experiments. Detection was 
carried out with a C4D-system built in-house; details can be found elsewhere [24]. An e-
corder 201 data acquisition system (eDAQ, Denistone East, NSW, Australia) was used for 
recording the detector signals.  The SIA section consists of a syringe pump (Cavro XLP 6000) 
fitted with a 5 mL syringe and a 9-port channel selection valve (Cavro Smart Valve) (both 
purchased from Tecan, Crailsheim, Germany). The isolation and 3-gate valves used were 
obtained from NResearch (HP225T021 and HP225T031, Gümligen, Switzerland). SPE 
cartridges packed with silica particles (56 µm) coated with C-18 group (52602-U, Supelco, 
Buchs, Switzerland) were fitted into the system with the help of two adapters for sample 
reservoirs (57020-U, Supelco).  The programming package LabVIEW (version 8.0 for 
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Windows XP, from National Instruments, Austin, TX, USA) was used to write the control 
code.  Further details on the instrumentation can be found in [22].   
 
3. Results and Discussion 
3.1. System design and operation 
A simplified diagram of the instrument is given in Fig. 1. Several extensions and 
modifications have been made to the earlier SIA-CE-C4D design [22] in order to incorporate 
the preconcentration procedure into the fully automated operation. For electrophoretic 
separation without preconcentration, the previously reported system [22] relies on a 
combination of a motor-driven 2-way syringe and a multi-port selector valve for delivery of 
solution(s), and on a SI interface as well as some isolation valves for hydrodynamic injection 
and flushing of the capillary. For operation with SPE preconcentration, the essential change is 
the inclusion of the second holding coil (HC2) between the multi-port valve and the interface. 
Two holding coils play different roles in the task of liquid handling. The conventional holding 
coil (HC1), situated between the pump and the multi-selector valve, is utilized for aspiration 
of sample (for separation without preconcentration) or eluent (for elution prior to separation) 
whereas the other (HC2) serves as a reservoir to hold the solution eluted from the cartridge 
before it is pumped to the interface for hydrodynamic injection. A Y-shape intersector is 
employed to divert the fluid to HC2 either from the multi-selector valve (for non-
preconcentration operations) or from the cartridge (for elution step in the procencentration 
procedure). The employment of a 3-gate valve positioned after the cartridge allows the 
passing solution to be flowed either to waste (during loading of sample, flushing and 
generation of the cartridge) or to HC2 during elution. 
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Another modification concerns the on-line acidification of the sample before loading onto the 
cartridge. Previously, many syringes were required to acidify the sample and at the same time 
deliver the acidified sample to the cartridge [23]. This arrangement, however, requires so 
many controls of the multi syringes and valves, and is cumbersome, thus preventing the whole 
system to be miniaturized. This complex setup for on-line acidification is therefore replaced 
with a much simpler approach, using only a graduated needle valve (shown in Fig 1). The 
normal and splitted inputs of this needle valve are connected to the sample and to an acid 
solution, respectively. By adjusting the splitting ratio of the needle valve to vary the 
proportions of the sample and acid, a desirable pH of the aspired solution can be achieved.  
 
To eliminate the problem of restriction of loading volume due to the limited capacity of the 
syringe, which was encountered in the earlier design [23], repetitive loading was employed. In 
this mode, the system operates in a manner that the sample is first aspired into the syringe and 
then pumped to the preconcentration column. The emptied syringe is then again filled with the 
sample for the subsequent loading. These steps are repeated many times until the expected 
sample volume (typically much larger than the fixed volume of the syringe) is completely 
loaded onto the cartridge. With this setup, there is no upper limit of the loading volume. 
 
A photograph of the in-house built system, designed as an industrial prototype, is shown in 
Fig. 2. For easy transportation and deployment of the system, all the fluidic and electronic 
parts were assembled into a standardized 19” frame. The electronic parts were arranged in two 
19” racks, one for all power supplies and the other for compartments of electronic circuitry 
boards, with the controls and switches built on different front panels. These compartments can 
be easily taken out for replacement or modification. All fluidic components, including the 
pump, valves, holding coils, interface and liquid containers, are fixed onto a perplex panel 
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situated above the two electronic racks. With this compact all-in-one design, it is very 
convenient to set-up the system on-site for monitoring applications. Furthermore, as the 
system is standardized in a 19” arrangement, facile duplication of the system is possible.  
 
An overview of a typical sequence of the operations with preconcentration procedure is given 
in Table 1. The protocol starts with rinsing of the cartridge with water (step 1) prior to loading 
of sample onto the preconcentration column (step 2).  The loaded cartridge is then rinsed 
again with water (step 3). Flushing of the SI-CE interface (step 4) is subsequently carried out 
by pumping the buffer through the interface on the simultaneous opening of both stop-valves 
(designated as V1 and V2 in Fig. 1). The capillary is then flushed (step 5) by advancing the 
stepper-motor driven syringe pump while both V1 and V2 are closed in order to push all of 
the dispensed fluid through the separation tubing. After these non-preconcentration steps, 
elution is implemented (step 6) by conducting the eluent through the cartridge while the 3-
gate valve is at the C position. Once the eluted solution is already collected inside the holding 
coil HC2, hydrodynamic injection takes place (step 7), followed by electrophoretic separation 
(steps 8, 9). Hydrodynamic injection is carried out by pumping a defined sample plug past the 
capillary inlet in the SIA-CE interface while partially pressurizing the manifolds by closing 
only V2. Separation is implemented by application of the high voltage of appropriate polarity 
from the detector end, with the injection end remained grounded. Rinsing of the manifolds, 
interface and capillary with buffer (steps 10-12) is then carried out at the completion of 
electrophoretic separation.  Finally, the cartridge is generated and flushed thoroughly (steps 
13 to 16) so that it is ready for the next preconcentration operation. Separations with or 
without preconcentration can be selected from the computer. For separation without 
preconcentration, the sample is transferred directly to the SI-CE interface instead of being 
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loaded onto the cartridge and the steps 1, 2, 3, 4, 6, 13, 14, 15 and 16 are excluded from the 
protocol. 
 
3.2. CE optimization for determination of some drug residues 
Nowadays, many pharmaceuticals are classified as environmental contaminants due to their 
high lipophilicity and low biodegradability, and due to the fact that their bioactive properties 
might lead to adverse effect on human beings and ecosystems [25-28]. Determination of many 
drug residues in water with CE has been reported, with detection by MS [29], contactless 
conductivity [30] or UV, with and without stacking preconcentration [31-33]. In this study, 
four widely used pharmaceuticals, namely ibuprofen, diclofenac, naproxen and bezafibrate, 
were selected as exemplary analytes for demonstration of the functionality of the developed 
system. These drug residues in water were first preconcentrated on a C18 column. The eluent 
containing the desorped drugs was then directly used as a sample for CE separation. 
Background electrolyte (BGE) composition, which was optimized based on the study reported 
by Quek et al. [30], composes of TRIS(hydroxymethyl)aminomethane, acid lactic and 
cyclodextrin HP-β-CD. The optimized concentrations of the BGE components indeed differ 
from those reported in [30] because instead of using water as the sample matrix, the eluent in 
SPE preconcentration containing a certain proportion of an organic solvent will be employed 
as the sample matrix. It is shown in Fig. 3 the electrophoretic separations of these 4 
pharmaceuticals in different matrices with conductivity detection. In the case where water is 
employed as the sample matrix, due to very low conductivity of water compared to that of the 
BGE, stacking effect is provoked at the beginning of electrophoresis, resulting in sharp and 
high peaks, as reflected in electropherogram (a) of Fig. 3.  These sharp peaks in turn favoured 
sensitive detection, which is exactly the situation reported in [30]. However, when samples 
are prepared in the SPE eluent comprising TRIS, acid lactic and acetonitrile, high 
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conductivity of the matrix diminishes the stacking effect, and the analytes are visualized at the 
detector as very broadened and low peaks, as shown in Fig. 3b. To maintain the stacking 
effect, the concentrations of TRIS and lactic acid in the BGE were increased by four times, 
while keeping their relative proportions unchanged. By doing so, sharp peaks were obtained 
for all four analytes and resolutions were not degraded, as demonstrated in Fig. 3c. 
Cyclodextrin HP-β-CD was added into the BGE as a complex reagent for separation of 
ibuprofen and diclofenac. It possesses a neutral charge, which does not contribute to the 
conductivity of the BGE. Its presence in the BGE thus was kept fixed at the optimized 
concentration of 1 mM. The salient performance data are given in table 2. The achieved 
detection limits are in the order of 0.8-1.5 µM and the calibration curves were acquired from 
about 2 to 100 µM. For higher concentrations peak overlap would occur for naproxen and 
diclofenac. The reproducibility of the measurement of peak areas and migration time was 
found to be 2.5 – 5% and 1 – 1.5%, respectively. 
 
3.3. Optimization of SPE preconcentration 
3.3.1. Selection of SPE cartridge 
For optimization of the flow through the sorbent, different shapes and sizes of the 
preconcentration columns were tested. Self-made columns using tubings of 1/8” internal 
diamenter (ID) packed with C18 material were first tried, but were found not suitable due to 
backpressure elevated over time and inconvenience in replacement of the used material. 
Commercial cartridges of 3mL, though eliminating the above-mentioned drawbacks, 
encounter another problem of bubble formation. The optimal type of preconcentration column 
was then found to be the commercial cartridge of 1mL. This cartridge is packed with 100 mg 
absorbing material, with 2 frits 20 µm positioned at both end of the cartridge to confine the 
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material in between. For renewal of the sorbent, it is sufficient to plug a new cartridge into the 
adapters already fixed between the multi-selector valve and the 3-gate valve.  
 
3.3.2. Sample acidification 
The four investigated drug residues are carboxylates, which are negatively charged in water of 
neutral pH. For complete adsorption onto C18 sorbent particles, these compounds must be 
uncharged under acidic condition prior to being loaded onto the column. HCl 0.1N was found 
to be suitable for sample acidification since a minor amount (less than 1% v/v) of this strong 
inorganic acid solution is sufficient to keep the pH of the sample under the pKa of these 
carboxylates (less than 4). The amount of HCl 0.1N added can be considered negligible 
compared to the sample amount to be loaded onto the cartridge and therefore does not affect 
the enrichment factor.  Note that higher concentrations of HCl were avoided to prevent 
corrosion of the graduated needle valve. 
 
3.3.3. Optimization of sample loading and elution 
As a large volume of sample (hundreds of millilitres) has to be loaded onto the sorbent for 
preconcentration, optimization of the loading speed is very crucial for enhancement of sample 
throughput. The configuration of the stepper-motor driven pump in principle allows a 
variation of flow rate from some µL/s to more than 1000 µL/s, depending on the syringe 
capacity. However, due to the employment of very slender tubings of only 0.02” ID to 
minimize diffusion and dilution during the delivery of solution(s), the actual flow rate is 
limited to only 417 µL/s so that the stepper motor can function properly. At faster transferring 
velocity, leakage of liquid induced from excess backpressure was observed at the multi-
selector valve. Optimization of the loading speed thus was carried out within this restricted 
range. Slow loading velocities significantly augment the operation time, whilst too high flow 
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rates through the cartridge can lead to formation of bubbles and incomplete retaining of the 
analytes on the sorbent. Accordingly, the optimal loading speed was found to be 140 µL/s. 
 
For efficient desorption of the retained analytes, the flow rate and the volume of elution were 
investigated. Since the sorbent particles packed in the commercial column occupy about one 
fourth of the cartridge volume, i.e. 250 µL, the elution volume must be larger than this value 
in order for all the particles to be in contact with the eluent. To minimize any dilution of the 
eluent plug along the delivery from HC1 through the cartridge to HC2, a volume of 500 µL 
was used for elution. Larger amounts of eluent were avoided to maintain high enrichment 
factors. The elution speed was then optimized for the fixed elution volume of 500 µL, and 
was found to give complete desoprtion of the retained analytes at 25 µL/s. In other words, 
optimal elution occurs within 20 seconds. 
 
3.3.4. Optimization of the eluent composition 
For complete elution of all four protonated drug compounds retained on the C18 cartridge, 
two requirements must be satisfied. First, electrolytes in the eluent must produce a pH much 
higher than pKa(s) of the retained compound(s) in order to make them deprotonated, which in 
turn facilitates desorption from the C18 material. Second, a suitable organic solvent miscible 
in water must be added into the eluent to a certain percentage since desorption depends much 
on the affinity of the dissolved organic component with the retained compounds. In addition, 
because the eluent containing the eluted analytes is used directly as a sample for 
electrophoretic separation, the eluent composition should contain only the components present 
in the background electrolyte in order to avoid any unexpected and undefined peak(s) in the 
electropherogram with conductivity detection. Accordingly, a solution composed of TRIS 9 
mM and lactic acid 5 mM was employed for elution. This eluent has a pH of 8, which is 
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exactly the pH of the BGE. Different organic solvents frequently used in HPLC, namely 
methanol, acetonitrile and tetrahydrofuran, were then tested for the TRIS/lactic acid eluent. 
Note that the organic proportion must be kept as low as possible to prevent bubble formation 
caused by evaporation of the organic solvent under a high electric field (the boiling points of 
these tested organic solvents are lower than that of water) and thus to assure a stable baseline 
during electrophoretic separation. Methanol, due to its characteristics of weak reversed phase, 
must be used at very high concentrations (more than 50% v/v) for good elution. 
Tetrahydrofuran, which possesses strongest reversed phase property among all commonly 
used organic solvents miscible in water, though offering very efficient desorption even at low 
concentrations (less than 25 % v/v), disturbs the resolution of the peaks of naproxen and 
ibuprofen. Acetonitrile, which locates between methanol and tetrahydrofuran in the scale of 
reversed phase strength, was therefore chosen as the organic solvent for elution. Effect of the 
concentration of acetonitrile on elution efficiency is shown in Fig. 4. Four retained drugs are 
eluted with different efficiencies, with diclofenac as the easiest compound to be desorbed. 
Complete elution occurs at acetonitrile concentration of 37.5 %v/v in an eluent of TRIS 9 mM 
and lactic acid 5 mM. Note that no significant elution was observed when only acetonitrile in 
water was employed as the eluent even at concentrations more than 50 % v/v. 
 
3.3.5. Cartridge generation 
A solution of TRIS 9 mM and acid lactic 5mM mixed with acetonitrile (50 %v/v) was used as 
the generating solution. A large generation volume of 5 mL was employed to assure efficient 
removal of organic species (if any) retained on the cartridge after preconcentration.  After 
being flushed with the generation flow, the cartridge was subsequently rinsed with 5 mL of 
HCl 0.1M to dissolve precipitate(s) (if any) formed on the surface of the sorbent particles 
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during precedent operation(s) at high pH. Finally, the cartridge was rinsed with deionised 
water (5mL) before being used for the next preconcentration. 
 
3.3. Performance  
In order to evaluate the potential for unattended operation, the system was set up for a 
supervised test run over a period of 10 hours per day in 3 continuous days, in which repeated 
preconcentrations with an enrichment factor of 30 and CE measurements of the 
pharmaceuticals (0.5 µM prepared in DI water) were carried out. The results for peak areas 
are shown in Fig. 5. The maximum deviation is about ± 8 %, which is deemed acceptable 
considering that this deviation is the accumulation of minor and inevitable errors in different 
operations, i.e. sample loading, elution, injection and separation. Note that even without 
preconcentration procedure, deviations up to ± 4 % were still observed for automated CE 
separations [22]. No bias of peak areas was recorded after more than 50 continuous runs in 3 
days, which demonstrates the suitability of the system for unattended operation. 
 
The operation performance was further evaluated by carrying out preconcentrations in more 
severe conditions, in which solutions of pharmaceuticals were prepared directly in tap water 
matrix instead of in DI water. Loading of 375 mL of tap water spiked with pharmaceuticals 
(0.01 µM) and desorption with 0.5 mL eluent were repeated several times with the same 
cartridge. The enrichment factor in this case is 750, which is relatively large for SPE 
preconcentration. The results for peak areas are shown in Fig. 6. It is observed that after 3 
successive preconcentrations, peak areas of all pharmaceuticals decrease significantly, among 
which those of naproxen and bezafibrate are dramatically reduced. It may be due to the fact 
that when a huge sample volume is flushed through the cartridge, part of the C18 group 
coated on silica sorbent particles is permanently covered with irremovable species previously 
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present in the matrix in minor quantities. For good preconcentration performance, a loading 
volume of 1000 mL thus should not be exceeded. 
 
4. Conclusions 
With the in-house built SIA-CE-C4D system, designed as an industrial prototype, automation 
of CE measurements with on-line SPE preconcentration was made possible. The compact all-
in-one arrangement allows the system to be easily transported and deployed.  All operations, 
especially the preconcentration procedure are carried out in an unattended manner, which 
otherwise are very time consuming and laborious with manual involvement. With 
preconcentration prior to CE-C4D determination, the concentrations of drug residues in water 
can be monitored down to the nM scale, which is impossible with normal CE setups. The 
application scope of this system can be expanded to various monitoring tasks and for sensitive 
determination of different charged species present in water in trace quantities. 
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Table 1: Typical operation sequence with preconcentration 
Step Description 
Position 
of 
Selection 
Valve 
Volume 
Dispensed 
(µL) 
Flow rate 
(µL/s) V1 V2 
3-gate 
valve 
1a Pick up of water 5 5000 140 Open Open O 
1b 
Flushing of the 
cartridge with 
water 
8 5000 140 Open Open O 
2an Pick up of sample 9 5000 140 Open Open O 
2bn 
Dispensing of 
sample to 
cartridge 
8 5000 140 Open Open O 
3a Pick up of water 5 5000 140 Open Open O 
3b 
Flushing of the 
cartridge with 
water 
8 5000 140 Open Open O 
4a Buffer aspiration - 3000 167 Open Open O 
4b 
Flushing of 
syringe and 
HC1 with 
buffer 
6 3000 167 Open Open O 
5a Buffer aspiration - 3000 167 Open Open O 
5b Flushing of the SI-CE interface 7 1000 167 Open Open O 
5c Flushing of  the capillary 7 25 8 Closed Closed O 
6a Pick up of eluent 4 500 140 Open Open O 
6b 
Dispensing of 
eluent through 
cartridge to 
HC2 
8 500 25 Open Open C 
7 Sample injection 7 500 167 Open Closed O 
8 Flushing of the SI-CE interface 7 500 167 Open Open O 
9* Electrophoretic Separation 7 0 - Closed Closed O 
10 Flushing of the SI-CE interface 7 500 167 Open Open O 
11 Flushing of  the capillary 7 25 167 Closed Closed O 
12 Empty syringe 6 - 167 Open Open O 
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13a 
Pick up of 
generating 
solution 
3 5000 140 Open Open O 
13b 
Dispensing of 
generating 
solution to 
cartridge 
8 5000 140 Open Open O 
14a Pick up of water 5 5000 140 Open Open O 
14b 
Flushing of the 
cartridge with 
water 
8 5000 140 Open Open O 
15a Pick up of HCl 0.1N solution 2 5000 140 Open Open O 
15b 
Dispensing of 
HCl 0.1N to 
cartridge 
8 5000 140 Open Open O 
16a Pick up of water 5 5000 140 Open Open O 
16b 
Flushing of the 
cartridge with 
water 
8 5000 140 Open Open O 
 
n: the steps 2a and 2b are repeated n times until the desired sample volume is completely 
loaded onto the cartridge. 
*: High voltage is turned on at step 9. 
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Table 2: Calibration ranges, detection limits (LOD) and reproducibility for the determination 
of some drug residues in water. Conditions: capillary 25 µm ID, leff = 41 cm; E = 400 V/cm; 
BGE: TRIS 36 mM / Lactic acid 20 mM / HP-ß-CD 1 mM.  
Compound 
Range 
(µM) a 
Correlation 
coefficient r 
LODb 
(µM) 
RSD% 
MTc 
(n = 4) 
RSD% 
PAd 
(n = 4) 
Ibuprofen 2-100 0.9976 0.8 1.2 2.7 
Bezafibrate 2.5-100 0.9986 1.3 1.1 4.3 
Diclofenac 2.5-100 0.9993 1.5 1.5 5.4 
Naproxen 2.5-100 0.9987 1.5 1.6 4.9 
 
a  6 concentrations 
b  Based on peak heights corresponding to 3 times the baseline noise 
c MT: migration time 
d PA:  Peak area  
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Figure captions: 
 
Fig. 1.  Schematic drawing of the SIA-CE-C4D-system for automated electrophoretic 
separation with on-line preconcentration.  C4D:  contactless conductivity detector; 
HV:  high-voltage power supply; Pt: Platinum electrode; W: waste; V1, V2: Stop 
valves; HC: Holding coil.   
 
Fig. 2.  Photograph of the in-house built SIA-CE-C4D system, designed as an industrial 
prototype. 
 
Fig. 3. CE separations of pharmaceuticals in different matrices. (a) Matrix: water; buffer: 
TRIS 9 mM / Lactic acid 5 mM / HP-ß-CD 1mM; (b) Matrix: TRIS 9 mM / Lactic 
acid 5 mM (62.5 % v/v) and Acetonitrile (37.5 % v/v); Buffer: TRIS 9 mM / Lactic 
acid 5 mM / HP-ß-CD 1mM; (c) Matrix: TRIS 9 mM / Lactic acid 5 mM (62.5 % 
v/v) and Acetonitrile (37.5 % v/v); Buffer: TRIS 36 mM / Lactic acid 20 mM / HP-
ß-CD 1mM. Other CE conditions: U = 400 V/cm, feedback resistance for C4D = 1 
MΩ, capillary of 25 µm inner diameter and 41 cm effective length. 1) Ibuprofen; 2) 
Bezafibrate; c) Diclofenac; 4) Naproxen. 
 
Fig. 4.   Effect of acetonitrile concentration on elution efficiency. The eluent is prepared by 
addition of acetonitrile into a solution of TRIS 9 mM / Lactic acid 5 mM. Peak 
areas were obtained from electropherograms with following CE conditions: U = 
400 V/cm, feedback resistance for C4D = 1 MΩ, capillary of 25 µm inner diameter 
and 41 cm effective length, BGE composed of TRIS 36 mM / Lactic acid 20 mM / 
HP-ß-CD 1mM. 
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Fig. 5.  Reproducibility of peak areas for the preconcentrated pharmaceuticals during 
continuous runs of 10 hours per day in 3 successive days.  For each operation, 
15mL solution of standard mixtures 0.5 µM in DI water was loaded onto a C18 
cartridge followed by an elution with 0.5 mL eluent of TRIS 9 mM / Lactic acid 5 
mM (62.5%) + CH3CN (37.5%). Peak areas were obtained for a preconcentration 
factor of 30. Other CE conditions as in Fig. 4. 
 
Fig. 6. Reproducibility of peak areas for the preconcentration and CE determination of the 
pharmaceuticals spiked in tap water.  For each operation, 375 mL solution of 
standard mixtures 0.01 µM prepared in filtered tap water was loaded onto a C18 
cartridge followed by an elution with 0.5 mL eluent of TRIS 9 mM / Lactic acid 5 
mM (62.5%) + CH3CN (37.5%). Peak areas were obtained for a preconcentration 
factor of 750. Other CE conditions as in Fig. 4. 
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